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ABSTRACT 
I n  t h i s  r e p o r t  a mathematical  model i s  p r e s e n t e d  which 
d e s c r i b e s  t h e  dynamics of t h e -  P o i n t i n g  C o n t r o l  System (PCS) f o r  
t h e  Apollo Telescope Mount (ATM). The v e h i c l e  i s  modeled as two 
r i g i d  bodies--a c a r r i e r  and an  experiment  package--connected b y  
a r i g i d ,  massless, two-degree-of-freedom s e t  of g imbals ,  A t t i t u d e  
c o n t r o l  of  t h e  c a r r i e r  i s  provided  by three  two-degree-of-freedom 
Con t ro l  Moment Gyroscopes (CMGs), and t h e  experiment  package i s  
c o n t r o l l e d  by means of  t o r q u e r s  l o c a t e d  on t h e  gimbal  axes .  
Expres s ions  are p r e s e n t e d  f o r  t h r e e  types  o f  v e h i c l e  f o r c e  and 
t o r q u e  d i s t u r b a n c e s ,  namely, g r a v i t a t i o n a l ,  aerodynamic,  and 
crew motion. 
I n  a d d i t i o n  t o  t h e  equa t ions  themselves ,  a d i g i t a l  
computer program i s  p r e s e n t e d  which performs t h e  o p e r a t i o n s  
necessa ry  t o  o b t a i n  s o l u t i o n s  t o  s p e c i f i c  problems.  T h i s  
document i s  i n t e n d e d  t o  p r e s e n t  the  mathemat ica l  model and 
t h e  computer program i n  a form s u f f i c i e n t l y  g e n e r a l  t h a t  they  
may b e  a p p l i e d  t o  e i t h e r  t h e  ATM o r  t o  advanced or a l t e r n a t i v e  
v e h i c l e s  employing s imilar  a t t i t u d e  c o n t r o l  sys tems.  Both 
t h e  model and t h e  program have been used f o r  t h e  a n a l y s i s  of 
t h e  ATM PCS and r e l a t e d  a t t i t u d e  c o n t r o l  systems f o r  advanced 
s t e l l a r  astronomy miss ions ;  t h e  r e s u l t s  o f  these  i n v e s t i g a t i o n s  
w i l l  b e  p r e s e n t e d  s e p a r a t e l y ,  
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1.0 
A MATHEMATICAL MODEL FOR SIMULATION OF THE 
APOLLO TELESCOPE MOUNT P O I N T I N G  CONTROL SYSTEN 
I N T R O D U C T I O N  
1.1 Background 
O r b i t i n g  a s t ronomica l  t e l e s c o p e s ,  b e i n g  e s s e n t i a l l y  
above the  ea r th ' s  a tmosphere,  nave d i s t i n c t  advantages  ove r  
t h e i r  ground-based c o u n t e r p a r t s  [ 11. * However, t h e y  also 
p r e s e n t  a unique s e t  of  problems, one o f  t hese  b e i n g  t h e  r e q u i r e -  
ment to keep t h e  t e l e s c o p e  p o i n t i n g  p r e c i s e l y  i n  t h e  d i r e c t i o n  
of i n t e r e s t .  T h i s  p o i n t i n g  accuracy** requi rement  has  been 
orie of  t h e  major  c o n s i d e r a t i o n s  i n  t h e  d e s i g n  o f  t h e  P o i n t i n g  
Con t ro l  System (PCS) f o r  t h e  Apol lo  Te lescope  Mount (ATM) . * **  
It was concluded e a r l y  i n  t h e  ATM program t h a t  if t h e  
exper iment  package were r i g i d l y  a t t a c h e d  to t h e  manned n o r t i o n  
of  an o r b i t i n g  f a c i l i t y ,  t h e  p o i n t i n g  accuracy  r e q u i r e d  b y  t h e  
exper iments  could be main ta ined  only  if crew motion were s e v e r e l y  
r e s t r i c t e d  [ 2 ] .  It i s  therefore  d e s i r a b l e  to have some means of 
i s o l a t i n g  t h e  e f f e c t s  of  crew motion from t h e  a t t i t u d e  dynamics 
o f  t h e  exper iments  themselves .  S e v e r a l  schemes have been 
s u g g e s t e d  f o r  do ing  t h i s :  a l lowing  the  experiment  package t o  
o r b i t  independent ly  b u t  i n  c l o s e  proximi ty  to t h e  manned 
c r a f t  [3 ] ,  t e the r  arrangements  [4], o p t i c a l  t r a n s f e r  l e n s  
t e c h n i q u e s  [5 ] ,  magnet ic  suspens ion  systems [SI, and gimbal 
mounting of t h e  experiment  package a t  i t s  mass c e n t e r .  T h i s  
r e p o r t  i s  concerned w i t h  t h e  l a t t e r  scheme. 
* Numbers i n  b r a c k e t s  d e s i g n a t e  r e f e r e n c e s  a t  t h e  end of 
t h e  r e p o r t .  
* *  The term " p o i n t i n g  accuracy" i n  t h i s  r e p o r t  r e f e r s  t o  
t h e  accuracy  of m a i n t a i n i n g  a s p e c i f i c  t e l e s c o p e  a t t i t u d e  once 
t h i s  a t t i t u d e  has been acqu i red ,  i n  c o n t r a s t  to t h e  accuracy  
of a c q u i s i t i o n  i t s e l f .  
+**The ATM, which i n c l u d e s  s e v e r a l  s o l a r  astronomy e x p e r i -  
ments ,  i s  scheduled  to b e  launched among t h e  f i r s t  Apollo 
f o r  b o t h  s o l a r  and s t e l l a r  astronomy, are b e i n g  cons ide red  for 
f u t u r e  AAP m i s s i o n s .  
Ann?< n n + i n - o  ~ - - ~ n n m  f ~ ~ r j ' \  n q v i l f i n A n  n+hr\m n n t 4  n -1  n l n n n - - - -  - - y t / r - L I b G a v w i i o  L A u6js a l i i  \nni p u y L w u u o  wcI1iL-I v p u v b a i  t c i c u L u y c o ,  
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1.2 Purpose 
The ATM c a r r i e r  and experiment package ,which t o g e t h e r  
comDrise t h e  s D a c e c r a f t ,  are connected by means of a two-degree- 
of-freedom s y s t e m  of gimbals whose  axes  are  nominal ly  normal t o  
t h e  experiment  o p t i c a l  a x i s .  An Experiment P o i n t i n g  Con t ro l  
( E P C )  s y s t e m  d r i v e s  t o r q u e r s  on t h e  gimbals  s o  as t o  keep t h e  
experiment  o p t i c a l  a x i s  a l i g n e d  w i t h  t h e  sun  l i n e .  Three two- 
degree-of-freedom Con t ro l  Moment Gyroscopes ( C M G s )  a r e  employed 
t o  ma in ta in  t h e  sun-poin t ing  a t t i t u d e  o f  t h e  c a r r i e r . "  
I n  t h e  d e s i g n  of  i n t e r a c t i n g  c o n t r o l  s y s t e m s  such  as 
t h e  ones d e s c r i b e d  above, it i s  o f t e n  necessa ry  t o  de te rmine  
t h e  behav io r  of a g iven  d e s i g n  or t o  assess t h e  i n f l u e n c e  of  
c e r t a i n  des ign  pa rame te r s .  For example,  PCS behav io r  may b e  
compared f o r  s e v e r a l  schemes of computing t h e  CMG g imbal  r a t e  
commands, or it  may b e  d e s i r e d  t o  know how e f f e c t i v e l y  t h e  
experiment  g imbal  mounting i s o l a t e s  t h e  o p t i c s  from crew motion 
d i s t u r b a n c e s .  The i n f l u e n c e  of s e v e r a l  des ign  pa rame te r s  on 
s y s t e m  behav io r  i s  a l s o  of  importance;  such parameters  a r e ,  
f o r  example,  CMG feedback ga ins  and t h e  experiment  package 
mass c e n t e r  l o c a t i o n .  It i s  the  purpose of t h i s  r e p o r t  t o  
p r e s e n t  a s e t  of d i f f e r e n t i a l  equa t ions  which d e s c r i b e  t h e  
PCS and the  v e h i c l e  a t t i t u d e  dynamics; d e s i g n  a n a l y s e s  may 
t h e n  b e  performed e i t h e r  b y  numerical  i n t e g r a t i o n  of t h e  f u l l  
s e t  of  equa t ions  on a d i g i t a l  computer or by making s i m p l i f i -  
c a t i o n s  i n  t h e  equa t ions  a p p r o p r i a t e  t o  t h e  problem a t  hand 
and o b t a i n i n g  t h e  a n a l y t i c a l  expres s ions  of i n t e r e s t .  
I n  r e g a r d  t o  f u t u r e  AAP astronomy exper iments ,  
a d d i t i o n a l  q u e s t i o n s  may be answered by  use  of t h e  mathemati- 
c a l  model, t h e  b a s i c  q u e s t i o n  be ing  t h a t  of t h e  p o i n t i n g  
accuracy  a t t a i n a b l e  w i t h  a system of t h e  PCS t y p e .  I n  o r d e r  
t o  s t u d y  t h e  p o i n t i n g  accuracy  l i m i t a t i o n s  of t h e  PCS f o r  
f u t u r e  AAP mi s s ions  i t  w i l l  be  necessa ry  t o  i n c l u d e  some 
d e t a i l s  no t  p r e s e n t l y  i n c o r p o r a t e d  i n  t h e  mathematical  model, 
such  as t h e  e f f e c t s  of  n o i s e  and o t h e r  n o n l i n e a r  e f f e c t s  i n  
t h e  s e n s o r s ,  compliance i n  t h e  s t r u c t u r e ,  e t c .  I n  a n t i c i p a -  
t i o n  o f  f u t u r e  s t u d i e s ,  t h e  equa t ions  have been w r i t t e n  and 
programmed as much a s  p o s s i b l e  i n  modular  form s o  as t o  
r e n d e r  upda t ing  a r e l a t i v e l y  s imple t a sk .  
1 . 3  O u t l i n e  of t h e  Analys is  
A b r o a d  o u t l i n e  of the  s e q u e l  i s  p re sen ted  h e r e  S O  
that t h e  reader  w i l l  have a c l e a r  i d e a  of  the okvjectl-;e and a 
b e t t e r  unde r s t and ing  of how a l l  of t h e  d e t a i l s  f i t  t o g e t h e r .  
*More d e t a i l e d  in fo rma t ion  on t h e  ATM and t h e  a s s o c i a t e d  
a t t i t u d e  c o n t r o l  sys t ems  may be o b t a i n e d  from Reference  7 .  
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The purpose of  t h i s  r e p o r t  i s  t o  deve lop  a s e t  o f  d i f f e r e n t i a l  
equa t ions  r e p r e s e n t i n g  t h e  dynamics of t h e  v e h i c l e  and t h e  PCS; 
t h e  equa t ions  are  p r e s e n t e d  w i t h  a view toward numer ica l  solu- 
t i o n  on a d i g i t a l  computer, and a computer program f o r  t h i s  
purpose i s  inc luded .  
An a n a l y t i c a l  d e s c r i p t i o n  of  t h e  v e h i c l e  t o  b e  
i n v e s t i g a t e d  i s  g iven  i n  S e c t i o n  2 .  Here t h e  f i v e  g e n e r a l -  
i z e d  c o o r d i n a t e s  t h a t  s p e c i f y  the v e h i c l e  a t t i t u d e  a re  
in t roduced .  The o b j e c t  o f  S e c t i o n  3 i s  t o  o b t a i n  f i r s t  
o r d e r  d i f f e r e n t i a l  equa t ions  of motion,  f i v e  of  t hese ,  t h e  
dynamical e q u a t i o n s ,  b e i n g  ob ta ined  by use  of a method due 
t o  Kane and Wang.* Q u a n t i t i e s  such  as v e l o c i t i e s ,  a c c e l e r -  
a t i o n s ,  and i n e r t i a  f o r c e s  used i n  t h e  g e n e r a t i o n  o f  t h e  
e q u a t i o n s  of  motion,  are  ob ta ined  i n  t h e  f i rs t  p a r t  of 
S e c t i o n  3.  Expres s ions  f o r  t h e  a c t i v e  f o r c e s  and t o r q u e s ,  
which a l s o  e n t e r  i n t o  t h e  equa t ions  o f  motion,  a re  developed 
i n  S e c t i o n s  4, 5 ,  and 6 .  The C M G s  are  d e s c r i b e d  i n  S e c t i o n  
4 . 1 ,  and a formula i s  o b t a i n e d  f o r  t h e  CMG c o n t r o l  t o r q u e  i n  
terms of t h e  gimbal  ang le  r a t e s .  There are a v a r i e t y  of  
schemes f o r  de t e rmin ing  gimbal  a n g l e  r a t e s  i n  terms of  t h e  
s t a t e  v a r i a b l e s ,  and t h e s e  s o - c a l l e d  c o n t r o l  laws a re  d i s -  
cussed  i n  4 . 2 .  Torques a c t i n g  between t h e  t e l e s c o p e  and t h e  
c a r r i e r  are i n v e s t i g a t e d  i n  S e c t i o n  5 ,  whereas S e c t i o n  6 i s  
devoted  t o  g r a v i t a t i o n a l ,  aerodynamic, and crew motion 
e f f e c t s .  S e c t i o n  7 d e s c r i b e s  a computer program which i n t e -  
g r a t e s  t h e  e q u a t i o n s  of motion, d e r i v e d  i n  S e c t i o n  3 ,  under  t h e  
i n f l u e n c e  of  t h e  a c t i v e  f o r c e s  t r ea t ed  i n  S e c t i o n s  4 ,  5 ,  and 6 ;  
t h e  p r i n c i p a l  computer programs are l i s t e d  i n  t h e  append ices .  
2.0 COORDINATES AND THE DYNAMICAL MODEL 
2 . 1  Axes and Coordina tes  
Suppose a s a t e l l i t e  compris ing a c a r r i e r  and an 
exper iment  package t o  be i n  a c i r c u l a r  o r b i t  about  t h e  
e a r t h ,  and c o n s f g e r  t h r e e  s e t s  of  r igh t -handed  mutua l ly  
o r t h o g o n a l  a x e s ,  XYZ, xdydzdJ and x2y2z2,  t h e  f i r s t  s e t  
b e i n g  f i x e d  i n  an  i n e r t i a l  r e f e r e n c e  frame such  t h a t ,  a t  some 
t i m e  t =O, X i s  d i r e c t e e  t o w a r d  t h e  s a t e l l i t e ' s  z e n i t h  and Y i n  t h e  
d i r e c t i o n  of t h e  o r b i t a l  motion; x2y2z2 are  f i x e d  i n  t he  
exper iment  package,  and xdydzd a re  f i x e d  i n  an  i n e r t i a l  r e f e r -  
ence  frame such that  x2y2z2 ana x y z 81-e Sligi led y . v h h v ,  YWIICII the d d d  
*Th i s  method [ll, 1 2 3 ,  a l though r e l a t i v e l y  unknown, o f f e r s  
**Note t h a t  these  axes do n o t  comprise a C a r t e s i a n  c o o r d i n a t e  
c e r t a i n  advantages  f o r  dynamical s y s t e m s  such as t h e  one con- 
s i d e r e d  here .  
sys tem,  f o r  t h e  axes  need n o t  i n t e r s e c t  a t  a common p o i n t  ( o r i g i n ) ,  
and a n  a x i s  may b e  t r a n s l a t e d  wi thou t  a f f e c t i n g  i t s  d e f i n i t i o n .  
I -  
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s a t e l l i t e  i s  i n  t h e  d e s i r e d  o r i e n t a t i o n . *  The o r i e n t a t i o n  o f  
xdydzd r e l a t i v e  to XYZ i s  s p e c i f i e d  b y  t h r e e  ang le s  Od,ed  and 
q d ,  gene ra t ed  as f o l l o w s :  i n i t i a l l y  a l i g n  xdydzd w i t h  XYZ; 
r o t a t e  xdydzd about  zd by an amount JI,; fo l low w i t h  a r o t a t i o n  
about  yd o f  amount e d ;  t h e n  perform a r o t a t i o n  $d about xd,  
b r i n g i n g  xdydzd i n t o  i t s  f i n a l  p o s i t i o n .  The fo rego ing  proce-  
dure  i s  sometimes known as a 3 , 2 , 1  E u l e r  a n g l e  sequence involv-  
i n g  t h e  ang le s  J I ~ , ~ ~ , $ ~ ,  r e s p e c t i v e l y .  
3 , 2 , 1  E u l e r  a n g l e  sequence employing $,e, and 4 ,  r e s p e c t i v e l y .  
Note t h a t  under  t h e s e  d e f i n i t i o n s  4 , 6 ,  and JI measure t h e  
t e l e s c o p e  a t t i t u d e  r e l a t i v e  to t h e  d e s i r e d  t e l e s c o p e  a t t i t u d e .  
The o r i e n t a t i o n  of  
r e l a t i v e  to xdydzd i s  l i k e w i s e  s p e c i f i e d  i n  terms of a x2y2z2 
2 . 2  D e s c r i p t i o n  of t h e  Dynamical Model 
The c a r r i e r ,  c a l l e d  B1, and t h e  experiment  package, 
B2, ""are assumed t o  b e  connected by mass less  gimbals whose two 
axes  of r o t a t i o n  a r e  mutual ly  o r thogona l  and i n t e r s e c t  a t  0 ,  
as shown i n  F i g u r e  2 . 1 .  
F igu re  2 . 1  
~~~~~~ 
* I n  t h e  c a s e  of t h e  ATM, t h e  des i r ed  o r i e n t a t i o n  i s  one i n  
which t h e  experiment  a x i s  i s  d i r e c t e d  toward t h e  c e n t e r  o f  t h e  
sun  and t h e  Workshop a x i s  i s  i n  t h e  o r b i t a l  p l a n e .  
**B1 and B2 are cons idered  as r i g i d  bod ies .  
BELLCOMM, INC. - 5 -  
Let y1 and y 
two s e t s  of mutua l ly  o r thogona l  u n i t  v e c t o r s ,  L1, Jl, 




J2, g2 such t h a t  L2, J2, k -2 a r e  r e s p e c t i v e l y  p a r a l l e l  t o  x 2 2 2  y z 
and such t h a t  t h e  two s e t s  o f  v e c t o r s  are  a l i g n e d  when y1=y2=0. 
The u n i t  v e c t o r s  a re  o r i e n t e d  i n  t h e  s p a c e c r a f t  such t h a t  J2 i s  
p a r a l l e l  to t h e  experiment  o p t i c a l  a x i s  and such t h a t  t h e  gimbal  
axes  cor responding  t o  y1 and y a re  r e s p e c t i v e l y  p a r a l l e l  t o  Ll 
and k2. 
by t h e  t r a n s f o r m a t i o n  
2 
It fo l lows  t h a t  t h e  twe se t s  of' u n i t  v e c t 9 r s  a r e  r e l a t e d  
2' = s i n y  c y 2  = cosy2,  and sy2 = s i n y  1' syl where cy1 = cosy 
Vec to r s  E and - q s p e c i f y  t h e  p o s i t i o n  o f  C1 and C 2 ,  t h e  respec-  
t i v e  mass c e n t e r s  o f  B and B2, r e l a t i v e  t o  0 .  1 
For t h e  AAP C l u s t e r , *  L1 i s  assumed t o  be  p a r a l l e l  t o  
t h e  Workshop a x i s  and d i r e c t e d  toward t h e  CSM. 
3 . 0  ATTITUDE DYNAMICS 
3 . 1  Kinematics 
L e t  ml and m2 b e  t he  masses of  B and B2; l e t  C b e  1 
t h e  l o c a t i o n  of t h e  mass c e n t e r  o f  t h e  composite body B1 and 
B2, and i n t r o d u c e  rl and r2 as t h e  p o s i t i o n  v e c t o r s  of C1 and 
C 2 '  r e s p e c t i v e l y ,  r e l a t i v e  t o  C :  
*The C l u s t e r  (See F igu re  2.2) comprises an S-IVB O r b i t a l  
Workshop, i t s  s o l a r  a r r a y s ,  a n  A i r lock  Module, and a Mul t ip l e  
Docking Adapter (MDA) w i t h  a Command and S e r v i c e  Module (CSM) 
docked t o  t he  end of  t h e  MDA and a Lunar Module Ascent S t a g e /  
ATM docked t o  t h e  s ide  o f  the MDA. 
, . . .  . .  
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r =  -1 ( 3 . 1 )  
(2-9) ( 3 . 2 )  
-ml 
ml+m2 
r =  -2 
V e l o c i t i e s  and a c c e l e r a t i o n s  i n  t h i s  a n a l y s i s  a r e  
t aken  r e l a t i v e  t o  C ra ther  than  an  i n e r t i a l l y  f i x e d  p o i n t ,  
s i n c e  t h e  f o r m e r  a r e  easier  t o  compute and t h e  change of  refer-  
ence has no e f f e c t  on t h e  a t t i t u d e  dynamics.* By d i f f e r e n t i a -  t i n g  ( 3 . 1 )  and ( 3 . 2 )  i n  an i n e r t i a l  r e f e r e n c e  frame,  w e  o b t a i n  
t h e  v e l o c i t i e s  of t h e  b o d i e s ’  mass c e n t e r s : * *  
B2 
- 
B1 where - w 
r e s p e c t i v e l y .  Acce le ra t ions  fol low by d i f f e r e n t i a t i o n  of t h e  
v e l o c i t i e s  : 
and w a r e  t h e  angular  v e l o c i t i e s  o f  B1 and B2, 
‘1 d a = - V  d t  - - 
( 3 . 5 )  
*Whit taker  [ 8 ]  shows t h a t  t h e  a t t i t u d e  motion o f  a r i g i d  
body i s  t h e  same as i f  t h e  mass c e n t e r  were i n e r t i a l l y  f i x e d  
and t h e  body s u b j e c t e d  t o  t h e  a c t i o n  o f  t h e  same f o r c e s .  This 
b o d i e s  such as t h o s e  cons idered  h e r e .  
t h e ~ y e m  may b e  gef ieya l ized  t- +cl i~c?,e g ~ r c f e m c  cf csnnectec?, r i c p i r i  
e- - J Y Y ..LhLU 
**Recal l  t ha t  E and 9 are known v e c t o r s  f i x e d  i n  B1 and B 2 ,  
r e s p e c t i v e l y .  D e r i v a t i v e s  here  and i n  t h e  equa t ions  t h a t  fo l low 
a r e  o b t a i n e d  b y  use  o f  s t a n d a r d  formulas  for r e l a t i n g  d e r i v a t i v e s  
t aken  i n  two d i f f e r e n t  r e f e r e n c e  frames;  s e e  Reference 9 or 1 0 .  
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‘ 2  d ‘2 a = - V  d t  - - 
( 3 . 6 )  
oB2 
- 
B1 i n  which - w and w are  t h e  angu la r  a c c e l e r a t i o n s  o f  B1 and B 2 .  
Three v a r i a b l e s  ul, u2,  and u a r e  i n t r o d u c e d  such  t h a t  3 
w B2 = u i  + u 2 J 2 + u k  
1-2 3-2 - 
Then accord ing  t o  t h e  d e f i n i t i o n s  o f  y1 and y 2  
It f o l l o w s  t h a t  
( 3 . 7 )  
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3 . 2  Forces  and Torques 
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The D'Alember t  i n e r t i a  f o r c e s  f o r  B1 and B2 are  
F* = -m a -1 1- 
c 2  F* = -m a -2 2- 
(3.11) 
(3.12) 
The i n e r t i a  t o r q u e  f o r  B1 i s  ob ta ined  by d i f f e r e n t i a t i n g  t h e  





B1 O B 1  T * = - I  O W  - W  X I  0 0  -1 2, - 
B1 where I i s  t h e  i n e r t i a  dyadic  o f  B1 f o r  C1, i . e . ,  
2, 
(3.13) 
K are  t h e  ( c e n t r o i d a l )  moments of  i n e r t i a  of  B1, and L1, I1J J1' 1 
M1, Nl are  p roduc t s  o f  i n e r t i a ,  d e f i n e d  g e n e r i c a l l y  as 
= -/ Srl d m  (3 .15 )  
A s  t h e  o p t i c a l  a x i s  of t h e  ATM experiment  package, and indeed  o f  
rmsi a s t r o n o m i c a i  t e i e s c o p e s ,  i s  n e a r i y  p a r a i i e i  t o  one of t n e  
p r i n c i p a l  axes, i t  i s  assumed t h a t  t h e  p r i n c i p a l  axes of  B2 are 
p a r a l l e l  t o  L2, J2,  and k2. 
t o r q u e  f o r  B2 i s  
Hence, an e x p r e s s i o n  f o r  t h e  i n e r t i a  
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(3.16) 
I n  a d d i t i o n  to t h e  i n e r t i a  f o r c e s  and t o r q u e s  c e r t a i n  
a c t i v e  f o r c e s  and t o r q u e s  a c t  on B and B2. These are  1 
T : t h e  t o r q u e  e x e r t e d  on t h e  t h r e e  C M G s  by B1. (So f a r  
-C 
as v e h i c l e  dynamics i s  concerned,  t h e  C M G s  are t rea ted  
s imply as d e v i c e s  capable o f  e x e r t i n g  t o r q u e s  on t h e i r  
mount ings . )  
S e c t i o n  4 . 0 .  
The computat ion o f  Tc i s  d i s c u s s e d  i n  
T = T i + T k : t h e  sum o f  t h o s e  t o r q u e s  e x e r t e d  on -g -gl-1 -g2-2 
B2 by B1 about  t h e  v e r n i e r  g imba l  axes ,  i n c l u d i n g  
t o r q u e s  c o n t r i b u t e d  by  t h e  t o r q u e  motors ,  t h e  f l e x u r e  
p i v o t s , , a n d  a wire  bundle  c r o s s i n g  t h e  i n t e r f a c e .  T 
-!3 
i s  d i s c u s s e d  f u r t h e r  i n  S e c t i o n  5 . 0 .  
F and F2: -1 t h e  r e s u l t a n t  o f  a l l  f o r c e s  a c t i n g  on B1 and 
B 2 ,  r e s p e c t i v e l y ,  except  f o r  f o r c e s  e x e r t e d  between 
t h e  b o d i e s .  These i n c l u d e  g r a v i t a t i o n a l ,  aerodynamic,  
and crew motion d i s t u r b a n c e  e f f e c t s ,  as d i s c u s s e d  i n  
S e c t i o n  6 . 0 .  
T and r2: s i m i l a r l y ,  t h e  r e s u l t a n t  of a l l  t o r q u e s  e x e r t e d  -1 
on B1 and B 2 , r e s p e c t i v e l y ,  when El a c t s  a t  C1 and 
a c t s  at  C2, e x c l u s i v e  o f  t o r q u e s  e x e r t e d  between t h e  
bod ies  and t o r q u e s  exe r t ed  by t h e  CMGs; r e f e r  to 
S e c t i o n  6 . 0 .  
3 .3  Equa t ions  o f  Motion 
F ive  dynamical e q u a t i o n s  may be  w r i t t e n  i n  terms of 
t h e  v a r i a b l e s  u1 ,* . . , u5 ,  t h e  f i rs t  t h r e e  o f  t hese  b e i n g  d e f i n e d  
by ( 3 ; 7 )  2nd t h p  lsst tw.\ h x r  
- d  
BELLCOMM, INC. - 11 - 
- 
u 4  - y 1  
The e q u a t i o n s  themselves  are ob ta ined  by use  o f  a method due t o  
Kane and Wang [11,12]. To t h i s  end,  two t y p e s  o f  q u a n t i t i e s ,  
, are in t roduced ,  t h e i r  d e f i n i t i o n s  b e i n g  such  ci Bi and w - 'u V - 'u 
t h a t  r r 
, i = 1 , 2  
5 
r r=l 
U i = 1 , 2  Bi - w " i = f  - w 'u r 1" ' 
r=l 
( 3 . 1 9 )  
(3 .20 )  
Bi 
- 
ci T h i s  i s  t o  s a y  t h a t  and w may be expres sed  as l i n e a r  com- 
b i n a t i o n s  of t h e  u r l s  and tha t  t h e  c o e f f i c i e n t s  V -
w Bi - ' u  
and ( 3 . 8 ) .  For  example, from (3 .71 ,  (3 .81 ,  and (3.181,  
and ci ,u r 
may be  o b t a i n e d  by i n s p e c t i o n  of  ( 3 . 3 1 ,  ( 3 . 4 1 ,  ( 3 . 7 1 ,  
r 
The dynamical equa t ions  may b e  w r i t t e n  compactly as 
= 0 , p l , * * . , 5  (3 .21 )  B2 + (Tf+T iT-1 2 ... - u  r --L -g --L 
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These f i v e  e q u a t i o n s  may be  w r i t t e n  as e x p l i c i t  f i r s t - o r d e r  
d i f f e r e n t i a l  equa t ions  i n  u l , * * -  ,u5;  b u t  such  an e x p r e s s i o n  
of  (3 .21 )  i s  s o  l eng thy  as to be of l i t t l e  v a l u e  here ,  s o  t h e  
e x p l i c i t  e q u a t i o n s  w i l l  n o t  be  p resen ted .*  One may de termine  
by examinat ion,  however, t h a t  hl,-** 
( 3 . 2 1 ) ,  and these equa t ions  may t h u s  b e  w r i t t e n  
appear  l i n e a r l y  i n  +5 
where P i s  a 5 x 5 ma t r ix  of f u n c t i o n s  of  U and t ,  U i s  a 5 x 1 
mat r ix  composed of  u l , " -  ,u5,  and Q i s  a 5 x 1 m a t r i x  a l s o  com- 
posed of f u n c t i o n s  of  U and t .  One may o b t a i n  P and Q by 
e x p r e s s i n g  t h e  a c c e l e r a t i o n s  ( 3 . 5 ) ,  ( 3 . 6 1 ,  ( 3 . 9 ) ,  and (3 .10 )  as 
l i n e a r  combinat ions of bl,* ,b5, t o g e t h e r  w i t h  a term indepen- 
den t  of ui, i=l,*** ,5;  t h e  i n e r t i a  f o r c e s  and t o r q u e s  ( 3 . 1 1 ) ,  
( 3 . 1 2 ) ,  (3 .131 ,  and (3 .16 )  a r e  expres sed  i n  t h e  same form. By 
performing t h e  o p e r a t i o n s  i n d i c a t e d  i n  (3 .211,  t h e  elements  of 
P and Q a r e  t h u s  g e n e r a t e d ,  r e s p e c t i v e l y ,  from t h e  c o e f f i c i e n t s  
. 
i n  t h e  l i n e a r  combinat ions and from t h e  terms independent  of ki 
( t h e  l a t t e r  terms a l s o  i n c l u d e  c o n t r i b u t i o n s  from t h e  a c t i v e  
f o r c e s  and t o r q u e s ) .  
F ive  f i r s t - o r d e r  equa t ions  i n  a d d i t i o n  to ( 3 . 2 2 )  a r e  
necessa ry  t o  s o l v e  f o r  t h e  motion. Three of t h e s e  are t h e  
k i n e m a t i c a l  e q u a t i o n s  c o n s i s t e n t  w i t h  t h e  3 , 2 , 1  E u l e r  a n g l e  
sequence d e s c r i b e d  i n  S e c t i o n  2 . 1 :  
s in$ tane  c o s $ t a n e  
= ,:1= [! cos$  - s i n $  ] -:] ( 3 . 2 3 )  
u8 s in$ /cose  cos$/cose u3 
*Cons iderable  s i m p l i f i c a t i o n  i n  (3 .21 )  may be  achieved  by  
making c e r t a i n  approximat ions ,  and i t  t h e n  becomes r easonab le  
to e x p r e s s  t h e  e q u a t i o n s  e w i i c i i i y .  ( T i e  a u t h o r  has ob ta ined  
such  a s e t  0 f  e q u a t i o n s  by l i n e a r i z i n g  (3.21).) 
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The remain ing  two e q u a t i o n s  a r e  o b t a i n e d  from (3.17) and ( 3 . 1 8 ) :  
u5 ( 2 . 2 5 )  
4.0 CONTROL MOMENT GYROSCOPE SYSTEM 
4 . 1  Con t ro l  Torque 
I n  t h i s  s e c t i o n ,  an expres s ion  f o r  t h e  c o n t r o l  t o r q u e ,  
Note T -e ' 
t h a t  t h e  t o r q u e  e x e r t e d  by t h e  C M G s  on B1 i s  merely -T . 
s i m u l a t e d .  The system c o n t a i n s  3 gyros ;  parameters  d e f i n e d  
below t h a t  are a s s o c i a t e d  w i t h  a s p e c i f i c  gyro  bear  t h e  sub- 
s c r i p t  1, 2 ,  or 3. F i g u r e  4 . 1  shows how t h e  C M G s  are mounted 
w i t h  r e s p e c t  t o  t h e  coord ina te s  o f  B1. 
t h e i r  i n n e r  and o u t e r  gimbals  a t  t he  z e r o  p o s i t i o n .  The gyros 
a re  numbered acco rd ing  t o  the  body a x i s  a l o n g  which t h e  s p i n  
a x i s  l i e s  i n  t h i s  z e r o  p o s i t i o n .  
e x e r t e d  on t h e  C M G s  by t h e  c a r r i e r ,  B1, i s  developed.  
-C 
The SIXPAC [l3] CMG s y s t e m  i s  t h e  system which i s  
The CMGs a re  shown w i t h  
Def ine  t h ree  u n i t  v e c t o r s  hl, k2, and h t h a t  are -3 
p a r a l l e l  t o  each  o f  t h e  s p i n  axes and l e t  b e  t h e i r  sum. L e t  
h d e s i g n a t e  t h e  magnitude o f  t h e  s p i n  a n g u l a r  momentum f o r  each 
gyro .  Then, t h e  t o t a l  s p i n  a n g u l a r  momentum v e c t o r  of  t h e  CMG 
sys t em i s  
The c o n t r o l  t o r q u e  i s  merely t h e  t i m e  r a t e  of change w i t h  
r e s p e c t  t o  i n e r t i a l  coo rd ina te s  of  t h e  t o t a l  s p i n  a n g u l a r  
momentum v e c t o r . *  Th i s  can be e x p r e s s e d  as 
I l l  ? \  x h j  \ + . L I  T = "(kT t w B1 -C - -T 
*The c o n t r o l  t o rque  T a c t u a l l y  i n c l u d e s  terms i n  a d d i t i o n  
t o  t he  t i m e  d e r i v a t i v e  of s p i n  a n g u l a r  momentum; however, t h e s e  
o t h e r  terms are  small and may b e  n e g l e c t e d  h e r e .  
-C 
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where hT i s  a t ime d e r i v a t i v e  w i t h  r e s p e c t  t o  t h e  body coord i -  
n a t e s  o f  B1. It i s  most convenient t o  f i n d  from t h e  r e l a t i o n  
h -T = ( w  -1 xh -1 ) + . ( w  -2 xh -2 ) + ( w ~ X ~ ~ )  ( 4 . 3 )  
where wl, WJI, and w 
g y r o  i n n e r  gimbals w i t h  respect t o  t h e  body c o o r d i n a t e s  of B1. 
a r e  t h e  r e l a t i v e  a n g u l a r  v e l o c i t i e s  of  t h e  -3 
A t  t h i s  p o i n t  w e  d e f i n e  t h e  column m a t r i c e s  
(4.4) 
which g i v e  t h e  t i m e  d e r i v a t i v e s  o f  t h e  o u t e r  and i n n e r  g imbal  
a n g l e s ,  r e s p e c t i v e l y .  
Equat ion ( 4 . 3 )  can be organized  i n  t h e  form 
h = G & + F k  - -T ( 4 . 5 )  
where G and F are each 3 x 3 ma t r i ces  whose elements  a r e  t r i g o -  
nometr ic  f u n c t i o n s  of t h e  ou te r  and i n n e r  gimbal  a n g l e s .  
S u b s t i t u t i n g  ( 4 . 5 )  i n t o  ( 4 . 2 )  r e s u l t s  i n  t h e  e q u a t i o n  which i s  
programmed f o r  t h e  c o n t r o l  t o r q u e :  
( 4 . 6 )  T = h(G + F k + g  B1 x$ , )  - -C 
4 . 2  CMG Con t ro l  Laws 
A c o n t r o l  law f o r  the  system i s  j u s t  an e x p r e s s i o n  
f o r  - h and - i n  terms of  t h e  system s t a t e  v a r i a b l e s ,  namely, 
t h e  attitude and t h e  a n g u l a r  v e l o c i t y  o f  B, I w i t h  r e s p e c t  t o  
i n e r t i a l  c o o r d i n a t e s  and a l s o  t h e  gimbal a n g l e s  o f  each CMG. 
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To o b t a i n  a c o n t r o l  l a w ,  a 3 x 1 column m a t r i x  v i s  f i r s t  in -  - 
traduced i n  o r d e r  to e s t a b l i s h  a c o n s t r a i n t  between and i. 
That  i s ,  k and b a re  expressed  as 
- - 
- - 
( 4 . 7 )  
where A and B a r e  3 x 3 m a t r i c e s  whose e lements  depend on t h e  
method chosen f o r  i n t r o d u c i n g  t h e  c o n s t r a i n t s ,  
Mat r ices  A and B may be determined i n  t h e  f o l l o w i n g  
x kj, j=1,2,3, i s  
way.  Imagine v t o  be  a d e s i r e d  c o n t r o l  t o rque  p e r  u n i t  o f  s p i n  
a n g u l a r  momentum. Now expres s  v i n  t h e  i n n e r  gimbal  c o o r d i n a t e s  
o f  each  gyro.  
t h e  e lements  i n  v ( i n  i n n e r  gimbal c o o r d i n a t e s )  t o  cor responding  
non-zero e l e m e n t s  of  W .  x Lj ,  r e l a t i o n s  of  t h e  f o l l o w i n g  form 
are  o b t a i n e d :  
Observe t h a t  the-vector w 
i . e . ,  i t s  component a long  h i s  ze ro .  By e q u a t i n g  
-j 
to kj 9 -j 
-J 
& = (1 x 3 row m a t r i x ) v  - j 
These r e l a t i o n s  when organized  i n  m a t r i x  form y i e l d  t h e  con- 
s t r a i n t  e q u a t i o n s  ( 4 . 7 ) .  
I f  v i s  now s p e c i f i e d  as a f u n c t i o n  of t h e  s y s t e m  
s t a t e  v a r i a b l e s  and s u b s t i t u t e d  i n t o  ( 4 . 7 )  a c o n t r o l  l a w  f o r  
t h e  C M G s  i s  ob ta ined .  It i s  impl i ed  i n  such  a c o n t r o l  l a w  
t h a t  gimbal  a n g l e  r a t e s  a r e  commanded.. Indeed t h i s  i s  t h e  
c a s e  f o r  t h e  CMG system on t h e  ATM. The implementa t ion  of  
g imbal  a n g l e  r a t e  commands r e q u i r e s  t h e  use  of a speed  c o n t r o l  
servomechanism f o r  each gimbal a x i s  . 
Four d i f f e r e n t  c o n t r o l  laws have been s t u d i e d  f o r  
0 s i'u -je use w i i h  t h e  SIXPAC: ZPiG s y s t e m .  These are g e n e r a l l y  
known b y  t h e  f o l l o w i n g  names: Langley Con t ro l  Law, Cross- 
P roduc t  Law, H-Vector C o n t r o l ,  and Closed-Loop Torque C o n t r o l .  
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Both t h e  Langley Con t ro l  Law and the Cross-Product Law u s e  t h e  
same d e f i n i t i o n  f o r  v .  They d i f f e r  i n  t h a t  c e r t a i n  terms and  
f a c t o r s  a r e  d e l e t e d  From t h e  A and B m a t r i c e s  f o r  t h e  Langley 
Con t ro l  Law. Consequent ly ,  t h e r e  are only  3 d i f f e r e n t  d e f i n i -  
t i o n s  f o r  - v t h a t  have been s t u d i e d ,  and these  w i l l  now be  
d e f i n e d .  
It  i s  necessa ry  t o  know t h e  a t t i t u d e  of t h e  c a r r i e r ,  
B1, w i t h  r e s p e c t  t o  i n e r t i a l  c o o r d i n a t e s .  
denote  a 3 , 2 , 1  E u l e r  a n g l e  seqLience which d e f i n e s  t h e  a t t i t u d e  
o f  B1 w i t h  r e s p e c t  t o  t h e  axes x y z 
Since  t h e  a t t i t u d e  excur s ions  of  t h e  experiment  package, B 2 ,  
and Bl a r e  small w e  may w r i t e  
L e t  $ ' , e ' ,  and $ 1  
( d e f i n e d  i n  S e c t i o n  2 . 1 ) .  d d d  
e t  = e = u7 
Def ine  t h e  a t t i t u d e  e r r o r  column m a t r i x  
- E = [ij 
(4.9) 
(4.10) 
Bas ic  t o  a l l  t h e  c o n t r o l  laws i s  a l i n e a r  combinat ion 
o f  - E and - :I:* That  i s ,  we d e f i n e  
(4.11) 
5 * I n s t e a d  of 0 i t  would b e  a c c e p t a b l e  t o  use  t h e  v e c t o r  
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where K O  and K1 are 3 x 3 d i a g o n a l  m a t r i c e s  o f  a t t i t u d e  e r r o r  
g a i n s  and ra te  feedback g a i n s ,  r e s p e c t i v e l y .  
d e f i n e d  as f o l l o w s :  
The column m a t r i x  v f o r  each  o f  t h e  c o n t r o l  laws i s  - 
Langley and Cross-Product Laws v = e - - 
H-Vector C o n t r o l  
Closed Loop Torque Con t ro l  v = - e - - T  i
By u s i n g  ( 4 . 5 )  and ( 4 . 7 )  i t  i s  easy  t o  show t h a t  w i t h  Closed 
Loop C o n t r o l  
- v = ( I  t G A t F B)-lE 
where I i s  the  3 x 3 i d e n t i t y  m a t r i x .  
The CMG sys tem for the  ATM i s  c u r r e n t l y  b e i n g  des igned  
w i t h  H-Vector C o n t r o l .  The r eason  g i v e n  i s  t h a t  t h i s  c o n t r o l  
law, whi le  r e q u i r i n g  a l i t t l e  more e l e c t r o n i c s ,  has minimal 
t o r q u e  c r o s s  coup l ing  and has a f requency  r e sponse  t h a t  i s  
r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  o r i e n t a t i o n  o f  gyro gimbals.  
5 .0  EXPERIMENT POINTING CONTROL SYSTEM 
5 . 1  D e s c r i p t i o n  of  t h e  EPC 
A s  d e s c r i b e d  i n  S e c t i o n s  1 . 2  and 2 . 2 ,  t h e  exper iment  
package i s  a t t a c h e d  t o  t h e  c a r r i e r  by means of  a two degree  of 
f reedom sys t em of g imbals .  C e r t a i n  t o r q u e s  a c t  about  each  o f  
t h e  two a s s o c i a t e d  gimbal  axes ,  and i t  i s  t h e  purpose  o f  t h i s  
s e c t i o n  t o  p r o v i d e  an  a n a l y t i c a l  d e s c r i p t i o n  of  these  t o r q u e s .  
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A t t i t u d e  c o n t r o l  o f  the experiment  package about  t h e  
two axes* normal t o  t h e  o p t i c a l  a x i s  i s  p rov ided  by a feedback 
c o n t r o l  s y s t e m  t h a t  o b t a i n s  e r r o r  s i g n a l s  from f i n e  sun s e n s o r s  
( o r ,  i n  t h e  c a s e  of s t e l l a r  astronomy, s tar  s e n s o r s  i n  t h e  t e i e -  
scope o p t i c s )  and r a t e  gyros  aboard t h e  exper iment  package and 
t h a t  p rov ides  commands t o  to rque  motors l o c a t e d  on t h e  gimbal  
axes .  The p r e s e n t  mathematical  model p r o v i d e s  f o r  l i n e a r  feed- 
back of a t t i t u d e  e r r o r  and a t t i t u d e  r a t e ,  except  tha t  t h e  t o r q u e  
o u t p u t  i s  l i m i t e d  s o  t h a t  it never exceeds t h e  c a p a b i l i t y  o f  t h e  
t o r q u e  motor. 
5 . 2  Extraneous Torques 
Other  t o r q u e s  a r e  e x e r t e d  a c r o s s  t h e  gimbals  by t h e  
g i m b a l  suppor t  mechanism i t s e l f  and b y  c a b l e s  c r o s s i n g  t h e  
i n t e r f a c e  f o r  the  t r a n s m i s s i o n  of e l e c t r i c a l  power and da ta .  
F l exure  p i v o t s  are used t o  suppor t  t h e  ATM experiment  
package w i t h i n  i t s  g imba l s ;  t h e s e  d e v i c e s  may b e  t rea ted  
a n a l y t i c a l l y  as l i n e a r  s p r i n g s ,  t he re  b e i n g  e s s e n t i a l l y  no 
f r i c t i o n  o r  deadband a s s o c i a t e d  w i t h  them. Torques a s s o c i a t e d  
w i t h  t h e  c a b l e ( s )  p r e s e n t  more of  a problem: approximate ly  
1 0 0 0  wires  are c u r r e n t l y  a n t i c i p a t e d  i n  t h e  ATM c a b l e ,  and 
measurements o f  the  bending p r o p e r t i e s  o f  such c a b l e s  [I41 
i n d i c a t e  a s u b s t a n t i a l  h y s t e r e s i s  e f f e c t .  
The mechanical  behavior  of  t h e  w i r e  h a r n e s s  i s  i n -  
f l u e n c e d  h i g h l y  by t h e  c o n s t r u c t i o n  o f  t h e  h a r n e s s  and by i t s  
r o u t e  as i t  passes from t h e  c a r r i e r  t o  t h e  experiment package. 
F i g u r e s  5 . 1  a-c, t a k e n  from Reference 14, i l l u s t r a t e  t h e  f o r c e -  
d e f l e c t i o n * *  p r o p e r t i e s  of t h r e e  d i f f e r e n t  h a r n e s s e s  ( 1 2 0 6 ,  1 0 7 8 ,  
and 384 conduc to r s ,  r e s p e c t i v e l y )  which are r o u t e d  a c r o s s  t h e  
g imba l s  i n  t h r e e  d i f f e r e n t  w a y s .  One may see t h a t  these c u r v e s  
d i f f e r  i n  s l o p e  ( s t i f f n e s s ) ,  enc losed  area (hys t e re s i s  
e f f e c t ) ,  and symmetry about  t h e  o r i g i n .  Rather t h a n  t r y  t o  
p o r t r a y  t h e  h a r n e s s  b e h a v i o r  a n a l y t i c a l l y  i n  terms of a hys t e re -  
s i s  loop ,  i t  i s  more convenient t o  r e p r e s e n t  i t  
* A t t i t u d e  c o n t r o l  about  t h e  o p t i c a l  a x i s  i s  n o t  as c r i t i c a l  
as t h a t  about  t h e  t r a n s v e r s e  axes,  a t  least  s o  f a r  as t h e  ATM 
exper iments  are concerned,  and i t  i s  expec ted  t h a t  t h e  CMG s y s -  
t e m  aboard  t h e  c a r r i e r  can provide  s a t i s f a c t o r y  a t t i t u d e  c o n t r o l  
abou t  t h i s  a x i s .  However, l a r g e  a p e r t u r e  t e l e s c o p e s ,  such as 
b d s e  e o n t e n p l a t e d  for f u t u r e  rnissfons will have more s t r i n g e r ; t  
a t t i t u d e  e r r o r  requi rements  about t h i s  a x i s ,  and it may t h e n  be  
n e c e s s a r y  t o  add a t h i r d  a x i s  of c o n t r o l  t o  t h e  EPC. 
are a c t u a l l y  measured. 
p o d u c e  about  t h e  gimbal  axes t h a t  are o f  importance h e r e -  
C L  
**In  Reference  1 4  t r a n s v e r s e  f o r c e s  a t  the  ends o f  t h e  h a r n e s s  However, i t  i s  t h e  moments t h a t  these  f o r c e s  
I -  
I -2 
FIGURE 5. la 
-2   
F I CURE 5. IC 
1 2 
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as a sum of a c o n s t a n t  t o r q u e  ( e . g . ,  t h e  f o r c e - i n t e r c e p t  of t h e  
h y s t e r e s i s  l oop)  and a t o r q u e  which i s  p r o p o r t i o n a l  t o  g imbal  
a n g l e  ( i . e . ,  a l i n e a r  s p r i n g ) .  
It i s  p o s s i b l e  w i t h  t h i s  r e p r e s e n t a t i o n  t o  de te rmine  
t h e  maximum f o r c e - i n t e r c e p t  a n a  s p r i n g  r a t e  c o n s i s t e n t  w i t h  
a g iven  l e v e l  o f  performance., t h e  maximum va lue  of these  two 
parameters  t h u s  b e i n g  h a r n e s s  d e s i g n  c o n s t r a i n t s .  
5 .3  Con t ro l  Torques 
The t o r q u e s  T and T about  t h e  g imbal  axes  ( s e e  
gl g2 
S e c t i o n s  3 . 2  and 3 .3)  are computed as d e s c r i b e d  i n  t h e  two 
p rev ious  s e c t i o n s .  They are 
T = -KgcJI - K u - Kg2y2 + Th2 €9 gd 3 
where K 
u and u are  d e f i n e d  by ( 3 . 7 ) ,  K and K are s p r i n g  c o n s t a n t s  
f o r  t h e  f l e x u r e  p i v o t s  and t h e  wire h a r n e s s ,  and Thl and Th2 
a re  t h e  c o n s t a n t  t o r q u e s  a s s o c i a t e d  w i t h  t h e  h a r n e s s .  
,Kgd are feedback g a i n  c o n s t a n t s  a s s o c i a t e d  w i t h  t h e  EPC, g a y  
1 3 g l  8 2  
6 . 0  EXTERNAL TORQUES AND FORCES 
6.1 I n t r o d u c t i o n  
I n  a d d i t i o n  t o  t h o s e  d i s c u s s e d  i n  t h e  p rev ious  two 
s e c t i o n s ,  c e r t a i n  f o r c e s  and to rques  a c t  t o  i n f l u e n c e  t h e  a t t i -  
t u d e  of t h e  c a r r i e r  and t h e  experiment  package.  These i n c l u d e  
g r a v i t a t i o n a l ,  magnet ic ,  and aerodynamic e f f e c t s  and a l s o  s o l a r  
p r e s s u r e .  The l a t t e r  may b e  shown t o  b e  n e g l i g i b l e  i n  compari- 
son  w i t h  t h e  o t h e r s  f o r  nea r -ea r th  o r b i t s , *  and magnet ic  e f f e c t s  
a re  a l s o  r e l a t i v e l y  small  for t h e  AAP C l u s t e r  C o n f i g u r a t i o n  C161. 
*For t h e  AAP C l u s t e r ,  a so l a r  r a d i a t i o n  p r e s s u r e  of  
9 x dyne/cm2 [ l 5 ]  may be  shown t o  g i v e  r i s e  t o  a moment 
whose magnitude i s  on the  o rde r  o f  0 . 0 1  f t  l b .  T h i s  i s  two 
o r d e r s  of magnitude less t h a n  t h e  peak aerodynamic t o r q u e  a t  
230 NM. 
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On the other hand, in addition to gravitational and 
aerodynamic effects it is convenient to treat motions of the 
crew within the carrier as forces that act on the carrier. 
Strictly speaking, the crew acts as distinct masses moving . 
about within the carrier. However, the results of exnerimen- 
tal work done on astronaut motion is reported in terms of forces, 
which makes it a more straightforward matter t o  consider the 
crew as massless force generators. 
6.2 Gravitational Effects 
Gravitational forces acting on the carrier and the 
experiment package, respectively, are given by* 
- GMm, 
i 1I 
where G is the gravitational constant, M is the mass of the 
earth, and €Ii is the position vector of C relative to the i 
center of the earth, Ri being the length of €ii. 
is unsatisfactory for numerical computation, however, because 
and F are comprised almost entirely of components which 
FG 1 -G2 
have no effect on the attitude dynamics of the vehicle. Thus, 
a formula for the gravitational force is sought which avoids 
the loss of significance associated with (6.1). To this end, 
let R be the position vector of C relative to the center of the 
earth so that 
Equation (6.1) 
R. = R + xi 
-1 - 
The total gravitational force acting on the spacecraft is 
-GM(m,+m,) 
( 6 . 2 )  
3c 
Since Bi is not a particle this formula is only approximate; 
A 
the approximation is maintained to the sQme order as the most 
significant term of the gravitational torque expression. Similar 
approximations are used throughout Section 6.2. 
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Forces  F& and Fh2 a r e  in t roduced  as 
and these i n  t u r n  a r e  used t o  d e f i n e  f' and f2: -1 
= F'  + f .  %i - G i  -1 (6.5) 
NOW, FA1 and FA2 s a t i s f y  t h e  hypotheses  o f  t h e  theorem i n  
Appendix I, s o  they  can b e  neg lec t ed  wi thou t  a f f e c t i n g  t h e  
v e h i c l e  a t t i t u d e  dynamics. The remain ing  g r a v i t a t i o n a l  f o r c e s ,  
f and f 2 ,  a r e  e v a l u a t e d  by  us ing  (6.1), (6.3)-(6.5): -1 
R. R 
-1 f .  = -GMmi( 2 - 3) 
1 
Equa t ion  ( 6 . 2 )  i s  used to e l i m i n a t e  Ri and Ri f rom ( 6 . 6 ) .  
R: = (R+r.)2 = R 2 t r? i- 2R ' P.  
-1 - - -1 1 
- -   R r  
(6.6) 
( 6 . 7 )  
Wi th in  t h e  o r d e r  of approximation no ted  e a r l i e r ,  xi, o b t a i n e d  
from (6 .21 ,  (6.6), and ( 6 = 8 ) ,  i s  g iven  as 
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( 6 . 9 )  
S i m p l i f i c a t i o n  and f u r t h e r  approximat ion  y i e l d s  t h e  e x p r e s s i o n  
( 6 . 1 0 )  
where 
- n = - R/R ( 6 . 1 1 )  
The g r a v i t a t i o n a l  t o r q u e s  a c t i n g  on B1 and B2 are 
computed from t h e  formula  
( 6 . 1 2 )  
Bi where I i s  t h e  i n e r t i a  dyadic  of  Bi, as d e f i n e d  by ( 3 . 1 4 ) .  
Hence, formulas  (6 .10 )  and (6 .12)  may be used  t o  compute t h o s e  
portions of  t he  g r a v i t a t i o n a l  a t t r a c t i o n  t ha t  i n f l u e n c e  the  
v e h i c l e  a t t i t u d e  dynamics. 
% 
6 . 3  Aerodynamic E f f e c t s  
A s  i n  t h e  c a s e  of  g r a v i t a t i o n a l  f o r c e s ,  there  w i l l  i n  
g e n e r a l  be  an  aerodynamic f o r c e  and an  aerodynamic t o r q u e  asso-  
c i a t e d  w i t h  each  body. However, i n  view o f  t h e  d i f f i c u l t i e s  
i n v o l v e d  i n  a s s e s s i n g  t h e  magnitudes o f  these f o u r  q u a n t i t i e s ,  
some assumpt ions  are made t o  f a c i l i t a t e  t he  c a l c u l a t i o n s .  T h i s  
approach  has the  advantage  t h a t  t h e  magnitude of  t h e  aerodynamic 
e f f e c t  may b e  de te rmined  i n  terms o f  j u s t  one pa rame te r ,  ra ther  
t h a n  t h e  f o u r  parameters t h a t  would o t h e r w i s e  be r e q u i r e d .  
We f i rs t  assume that  t h e  moment of  t h e  aerodynamic 
f o r c e s  a c t i n g  on t h e  experiment  package about  i t s  mass c e n t e r  
i s  z e r o .  T h i s  i s  a r e a s o n a b l e  assumpt ion  f o r  t h e  ATM e x p e r i -  
ment package s i n c e  i t  i s  r e l a t i v e l y  small and i s  symmetric and 
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I. 
reasonably  homogeneous. Next assume t h a t  t h e  r e s u l t a n t  aero-  
dynamic f o r c e s  on B and B a r e  p r o p o r t i o n a l  t o  t h e i r  r e s p e c t i v e  
masses and d i r e c t e d  pa ra l l e l  t o  the  v e h i c l e  o r b i t a l  v e l o c i t y  
v e c t o r .  According t o  t h e  theorem i n  Appendix I these f o r c e s  do 
n o t  i n f l u e n c e  t h e  a t t i t u d e  motions of  t h e  v e h i c l e .  It i s  there- 
f o r e  necessa ry  t o  c o n s i d e r  o n l y  the  aerodynamic t o r q u e s  e x e r t e d  
on t h e  c a r r i e r ,  and the  problem o f  computing aerodynamic e f f e c t s  
on t h i s  two-body v e h i c l e  reduces t o  t h e  s i m p l e r  problem of  com- 
p u t i n g  t h e  aerodynamic t o r q u e  on a s i n g l e  body. Another s e t  of  
assumptions can be used t o  b r i n g  about  e s s e n t i a l l y  t h e  same 
s i m p l i f i c a t i o n :  t h e  ATM experiment package w i l l  q u i t e  l i k e l y  be 
cooled  b y  a c o l d  s l e e v e  a t t a c h e d  t o  t he  c a r r i e r  which cove r s  a l l  
b u t  t h e  ends of t h e  experiment  package; under  t h e s e  c o n d i t i o n s  
t h e  experiment  package i s  s h i e l d e d  from t h e  airstream, and only 
t h e  aerodynamic e f f e c t  on t h e  ca r r i e r  need be cons ide red .*  
1 2 
F o r  a 230 n a u t i c a l  mile c i r c u l a r  o r b i t  t h e  aerodynamic 
t o r q u e  on t h e  AAP C l u s t e r  i s  small i n  comparison w i t h  t h e  g r a v i -  
t a t i o n a l  t o r q u e  [ 171, and i t  t h e r e f o r e  seems t h a t  a s i m p l e  model 
o f  t he  aerodynamic loads  i s  q u i t e  s u f f i c i e n t .  More e l a b o r a t e  
models of  t h e  aerodynamic loads  [ 181 on t h e  AAP C l u s t e r  are 
a v a i l a b l e  i f  more p r e c i s i o n  i s  needed o r  i f  t h e  o r b i t a l  he igh t  
i s  lowered t o  t he  p o i n t  t h a t  aerodynamic l o a d s  become a p p r e c i a b l e .  
The aerodynamic drag f o r c e  EA a c t i n g  on a body of  pro-  
j e c t e d  a r e a  A t r a v e l i n g  a t  speed V i n  a d i r e c t i o n  p a r a l l e l  t o  a 
u n i t  v e c t o r  m i s  g iven  by 
P 
- 
F = -1 pv2 A c m 
2 P D -  - (6 .13 )  
where p i s  t h e  a tmospher ic  d e n s i t y  and CD i s  t h e  d r a g  c o e f f i -  
c i e n t ,  which i s  determined expe r imen ta l ly  f o r  a p a r t i c u l a r  shape.  
For  c i r c u l a r  c y l i n d r i c a l  bodies  of large length- to-d iameter  
r a t i o  A may be  approximated i n  terms of t h e  b roads ide  area A 
( l e n g t h  t imes  d i ame te r )  and a u n i t  v e c t o r  - i which i s  p a r a l l e l  t o  
t h e  a x i s  of  t h e  c y l i n d e r  
P 
*The aerodynamic f o r c e  on t h e  c a r r i e r  does a f f e c t  t h e  a t t i -  
t u d e  dynamics ir, t h i s  c a s e ,  s ince  t h e  r e s u l t  o f  A p p e ~ d i x  I 
cannot  be invoked. 
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( 6 . 1 4 )  
A l a r g e  p o r t i o n  of t h e  broads ide  area o f  t h e  AAP C l u s t e r  i s  due 
t o  t h e  s o l a r  arrays (see F i g u r e  2 . 2 ) ,  and a l t h o u g h  such  a con- 
f i g u r a t i o n  i s  n o t  axisymmetr ic  as i s  a c y l i n d e r ,  one may deve lop  
a formula  f o r  t h e  wors t -case  aerodynamic l o a d s  by u s i n g  ( 6 . 1 4 )  
i f  A i s  t a k e n  t o  i n c l u d e  t h e  solar a r r a y  area.  L e t  r be t h e  
d i s t a n c e  from C1 t o  t h e  c e n t e r  o f  p r e s s u r e  of  B1, and assume 
t h a t  t h e  c e n t e r  of p r e s s u r e  i s  l o c a t e d  such  t h a t  i t s  p o s i t i o n  
v e c t o r  r e l a t i v e  t o  C1 i s  r 
t h e n  s i m p l y  
C P  
i. The aerodynamic t o r q u e  on B1 i s  
CP- 
ZA = r i x F = 7 1 2  pV A CD rcplg x i l ( m  x i)  (6 .15)  
- -  - - CP- 1 
R a t h e r  t h a n  u s e  t h i s  formula ,  it i s  more convenient  t o  e x p r e s s  
t h e  aerodynamic t o r q u e  i n  terms o f  a pa rame te r  a such that  
( 6 . 1 6 )  
where I and J are ,  r e s p e c t i v e l y ,  t h e  minimum and maximum moments 
o f  i n e r t i a  of  B1. 
mic t o r q u e  a c t i n g  on B1 t o  t h e  maximum g r a v i t y - g r a d i e n t  t o r q u e  
a c t i n g  on t h i s  body; t y p i c a l  va lues  o f  a r u n  from 0 . 0 5  t o  0 . 2 0  
f o r  t h e  AAP C l u s t e r  i n  a 230 n a u t i c a l  m i l e  c i r c u l a r  o r b i t  [ 171. 
Then a i s  the r a t i o  of  t h e  maximum aerodyna- 
Large  v a r i a t i o n s  i n  aerodynamic t o r q u e  a r e  a l s o  caused  
by changes i n  a tmospher ic  d e n s i t y  o v e r  a c i r c u l a r  o r b i t .  T h i s  
s o - c a l l e d  d i u r n a l  b u l g e  e f f e c t  may be approximated by  i n t r o d u c i n g  
a', a modi f ied  v a l u e  of a. 
a 
c 1  - B c o s ( n t  + y ) ]  a1 = - 1+ B 
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t .  
I n  t h i s  formula 51 i s  t h e  o r b i t a l  r a t e ,  and 6 and y are para- 
meters  r e l a t e d  t o  t h e  d i u r n a l  bulge;  B t y p i c a l l y  has a va lue  of 
0 . 6  f o r  a 230 n a u t i c a l  m i l e  o r b i t ,  and y i s  used t o  l o c a t e  t h e  
bulge  on t h e  o r b i t  (normally y = 6 0 ~ ) .  Replace a i n  ( 6 . 1 6 )  by 
a ?  t o  account  f o r  v a r i a t i o n s  i n  d e n s i t y .  
6 . 4  Crew Motion 
C r e w  motion g e n e r a l l y  produces much l a r g e r  v e h i c l e  
a t t i t u d e  e r r o r s  t h a n  e i t h e r  g r a v i t a t i o n a l  or aerodynamic e f f e c t s .  
Not only are t h e  f o r c e s  and to rques  produced by t h e  crew l a r g e r  
t h a n  t h o s e  due t o  g r a v i t y  and drag,  b u t  t h e y  a l s o  occur  f a s t e r  
and may the reby  t a x  t h e  P C S ' s  a b i l i t y  t o  respond fas t  enough. 
S t u d i e s  have been performed a t  t h e  Mar t in  Marietta 
Corpora t ion  concern ing  t h e  motions of  and f o r c e s  e x c e r t e d  by an 
a s t r o n a u t  wh i l e  i n  a s t a t e  o f  f r e e  f a l l  ( s o - c a l l e d  ze ro  g )  as 
he performs tasks t y p i c a l  of AAP miss ions  [19]. For purposes  
of  ATM PCS d e s i g n ,  f o u r  crew motions have been s e l e c t e d  by MSFC 
as s t a n d a r d  crew d i s t u r b a n c e s  [ 20 ] .  D e s c r i p t i v e l y ,  t h e  f o u r  
motions a r e  c a l l e d  bounce walk,  w a l l  push o f f ,  a r m  motion-CSM, 
and a r m  motion-LM; t h e  d e t a i l s  o f  t h e s e  motions are g iven  i n  
Appendix 11. 
7 . 0  D I G I T A L  COMPUTER PROGRAM 
7 . 1  D e s c r i p t i o n  o f  t h e  Program 
A d i g i t a l  computer program has been w r i t t e n  t o  perform 
o p e r a t i o n s  i n d i c a t e d  i n  the  foregoing .  B a s i c a l l y ,  t h e  program 
reads i n p u t  parameters  r e l a t i n g  t o  v e h i c l e  dynamics and t h e  con- 
t r o l  s y s t e m ;  i t  s o l v e s  equa t ions  (3.21), ( 3 . 2 3 ) - ( 3 . 2 5 ) ,  and ( 4 . 7 )  
by means of s tep-by-step numerical  i n t e g r a t i o n ;  and l a s t l y  i t  
p r i n t s  t h e  independent  v a r i a b l e  ( t i m e ) ,  s p e c i f i e d  s t a t e  v a r i a b l e s ,  
and c e r t a i n  i n d i c a t o r s  a t  s p e c i f i e d  t i m e  i n t e r v a l s .  I n  t h e  pro- 
c e s s  of s o l v i n g  t h e  d i f f e r e n t i a l  e q u a t i o n s ,  f o r c e s  and t o r q u e s  
due t o  g r a v i t a t i o n a l  e f f e c t s ,  aerodynamic d r a g  ( s u b j e c t  t o  t h e  
pa rame te r  a), and crew motion (one of t h e  e i g h t  d i s t u r b a n c e s  
d e s c r i b e d  i n  Appendix 11) are computed. 
The program, w r i t t e n  i n  F o r t r a n  V ,  i s  comprised of  a 
main program, which hand les  inpu t /ou tpu t  and p rov ides  c o n t r o l  
ove r  t h e  i n t e g r a t i o n  p r o c e s s ,  and s e v e r a l  s u b r o u t i n e s  which per -  
form s p e c i f i c  f u n c t i o n s .  The p r i n c i p a l  parts of  t h e  program are 
i n c l u d e d  herewith a s  i n d i c a t e d  below, t h e  remainder  be ing  a v a i l -  
a b l e  from t h e  a u t h o r  on r e q u e s t .  
I 
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Program 
Name Appendix Function 
Main I11 input/output, control over 
integration 
Subroutine F IV define the differential 
equations, perform all control 
system computations 
Subroutine TF v compute grav. and aero. 
effects, combine these with 
crew di s t urb anc e 
7.2 Symbol Correspondence L i s t  
The program listings themselves are well documented 
to provide specific information about the program. However, 
since the symbols used in the foregoing sometimes differ from 
the corresponding symbols used in the program, the following 
list should be useful for correlation purposes. 
First Occurrence 
Symbol in in the Text Symbol in 
the Text (Section N o . )  the Program 
ml m2 
B1 B2 
0 3 0  
3 .1  ACl,AC2 
3.1 OMBl,OMB2 
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First Occurrence 
I Symbol in in the Text Symbol in , the Text (Section No.) the Program 
I U JU 3.1 DOMB1,- 
I 
.B1 .B2 
F* F* 3.2 FlSTAR,F2STAR -1’-2 I 
I -1’-2 T* T* 
I 
1 
~ I B1 
I TI 
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I First Occurrence 
I in the Text Symbol in Symbol in I the text (Section No.) the Program 
I 
Thl' T h2 
n n  -9 -  
f ,f. -1 2 










a,B,Y 6.3 ALP,BET,GAMMA 
~ a' 6.3 ALP P 
m - 
T -A 1 
I 10 2 2-PGS-mef 
6.3 M 
Attachments 
Appendices I th rough V 
References 
6.3 TA1 




Consider  a dynamical  system comprised of two connected 
b o d i e s ,  each a c t e d  upon by  a given s e t  of  f o r c e s .  The a t t i t u d e  
motions o f  such a s y s t e m  a r e  una f fec t ed  by t he  a d d i t i o n  of two 
more f o r c e s ,  provided these f o r c e s  have t h e  f o l l o w i n g  p r o p e r t i e s :  
1. One f o r c e ,  F a c t s  a t  t h e  mass c e n t e r  of  body 1. 
2 .  The o t h e r ,  F2, a c t s  a t  t h e  mass c e n t e r  of  body 2 .  
3. El and are p a r a l l e l  and have t h e  same s e n s e .  
4 .  
-1 ’ 
The magnitudes of  El and F2 are p r o p o r t i o n a l  t o  t h e  
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Proof:"  
as they  c o n t r i b u t e  t o  t h e  g e n e r a l i z e d  a c t i v e  f o r c e  Fr ,  d e f i n e d  
i n  t h i s  ca se  as 
F -1 and F2 a f f e c t  t h e  motion of t h e  s y s t e m  only i n s o f a r  
L 
F r = F  * V I  + F  * V  , r = l , * * -  ,n  -1 - 'u -2 - 'u 
P r 
According t o  hypotheses  3 and 4 ,  F1 and F2 may b e  w r i t t e n  i n  
terms of t he  u n i t  v e c t o r  - n and the  c o n s t a n t  A as 
and s o  
Since  C i s  the  mass c e n t e r  o f  t h e  system, 
= o  2 E2 + m  1 Xl m 
which may be d i f f e r e n t i a t e d ,  y i e l d i n g  
dZ1 d r 2  c,/c c 2 / c  
- m  V + m2 1 = o  
ml dt + m 2 d t -  1 -  
*The proof  employs concepts  used i n  S e c t i o n  3.3 and i n  
p a r t i c u l a r  i s  based on t h e  same approach as t h a t  o u t l i n e d  i n  
Reference  11 ( p .  5 7 5 ) .  
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Appendix I ( c o n t d . )  
1-3 
, U n '  The las t  e q u a t i o n  must h o l d  r e g a r d l e s s  of t h e  v a l u e s  of u l , - * *  
and t h i s  l e a d s ,  by means of e q u a t i o n  ( 3 . 1 9 ) ,  t o  
The v e l o c i t i e s  a r e  r e l a t e d  by 
c2/c 
- + vc - cl/c c 2  v - = v  - + vc - 9 v = v  c1 
and it f o l l o w s  t h a t  
c2/c 
= v  , + vc - ' u  - C c 2  = v  + v  ,u 
c ,/c 
, v  
ur r - ' u  r r r ) U  - 
V 
- ' u  r 
The g e n e r a l i z e d  i n e r t i a  f o r c e  i s  t h u s  
c,/c c2/c 
F = An *[m v t m2 V + ( m  1 +m 2 > V  -c,uJ ' U  - r r ¶ U  1 -  - r 
The sum of t h e  f i r s t  two terms i n  b r a c k e t s  i s  z e r o ,  as e s t a b -  
l i s h e d  above, F b e i n g  reduced  t o  r 
YC - 'u 
of t h e  system and n o t  w i t h  a t t i t u d e  motions about  t h e  mass 
c e n t e r .  
c e n t e r  and motions abou t  t h e  mass c e n t e r ,  t h e  l a s t  e q u a t i o n  
shows t h a t  Fr has no i n f l u e n c e  on t h e  a t t i t u d e  motions of t h e  
sys tem.  
is c l e a r l y  n~lj~-~nir,t.ed w i t h  the motion of  t .11~ mass c e n t e r  
r 
Because of t h e  independence of  t h e  motion of t h e  mass 
BELLCOMM, INC.  
APPENDIX I1 
STANDARD CREW DISTURBANCES USED FOR ATM PCS DESIGN 
The motion of  an  a s t r o n a u t  w i t h i n  t h e  c a r r i e r  may b e  
though t  of as producing  a f o r c e  (on  the  c a r r i e r )  whose measure 
numbers are FDx, FDy, FDz and a moment hav ing  measure numbers 
TDx' Dy' TDz 
c a r r i e r .  Fo r  t h e  s t a n d a r d  crew d i s t u r b a n c e s  [ 2 0 ]  t h e  measure 
numbers are d e f i n e d  i n  te rms  o f  t h r e e  t ime dependent  f u n c t i o n s  
D1, D 2 ,  D as f o l l o w s :  
T when t h e  f o r c e  a c t s  a t  t h e  mass c e n t e r  of t he  
3 
= T  - = o  TDx DY - FDz 
FDx = D1 , F = D2 
DY 
z de t e rmine  t h e  p o s i t i o n  of t he  a s t r o n a u t  r e l a -  where x 
t i v e  to t h e  c a r r i e r  mass c e n t e r .  D e f i n i t i o n s  o f  t h e  f u n c t i o n s  
D1, D2, D 
F i g u r e  II-l,* and t h e  cor responding  a s t r o n a u t  l o c a t i o n s  a r e  
g i v e n  i n  t h e  f o l l o w i n g  t a b l e .  
D '  'D' D 
for t h e  s t a n d a r d  crew d i s t u r b a n c e s  are g iven  i n  3 
N a m e  x D ( f t )  y D ( f t )  z D ( f t )  
bounce walk** -38 .1  -9.8 -9.8 
walk push o f f * *  -35 .1  0 0 
arm motion-CSM 23.0 0 0 
arm motion-LM 1 4 . 1  9 .8  0 
*D1 and D 2  a c t u a l l y  correspond t o  f 'orces and D cor re sponds  3 
t o  a t o r q u e  i n  an  a s t r o n a u t - f i x e d  r e f e r e n c e  frame.  The expres-  
s i o n s  above may be o b t a i n e d  by  p r o p e r l y  r o t a t i n g  and t r a n s l a t i n g  
t h e  a s t r o n a u t  r e l a t i v e  t o  t h e  v e h i c l e  and by l e t t i n g  zD=O s o  as 
t o  a v o i d  c r o s s  coup l ing .  
























I v I 
6 9 12 
t - SEC 
WALL PUSH OFF 
D, 0 
ARM MOTION - CSM OR LM 
FIGURE 1 1 - 1  
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Appendix I1 (contd.) 
Because of spacecraft symmetry relative to the xy 
plane, the four standard crew disturbances defined above only 
influence attitude motions about the z axis. The other axis 
perpendicular to the experiment package optical axis, namely 
the x axis, is also of interest so far as crew motion is con- 
cerned since attitude error about telescope transverse axes is 
more critical than error about the optical axis itself. For 
this reason we introduce four additional crew disturbances, 
corresponding to the four above, which affect attitude motions 
about the x and y axes (attitude motions about these two axes 
are coupled due to lack of symmetry). The table of astronaut 
locations and Figure 11-1 hold f o r  both the standard and the 
additional crew disturbances, but the torques and forces for 
the additional disturbances are computed as follows: 
DY 
T = zDDl 'DD2 D3 
I 























































DYNAMICS OF A SPACECRAFT WITH G I M B A L  MOUNTEO TELESCOPE 
C o  F o  R A N I C K  
7-26-67 
TO STUDY THE DYNAMIC BEHAVIOR OF A TELESCOPE ATTACHED 
G I M B A L  CONTROL SYSTEM 
TO A CMG-CONTROLLED SPACECRAFT ey MEANS OF A VERNIER 
D I F F E R E N T I A L  EQUATIONS REPRFSENTING THF V E H I C L F  DYNAMICS 
AND THE TWO CONTROL SYSTEMS ARE SOLVED NUMERICALLY AS 





U ( 4 )  
u t 5 1  
A 
AD 
ALPHA ( I) 





M 1  r M 2  






N A M E L I S T  C A L L E D  - I N P U T -  
X - A X I S  VERNIER G I M B A L  R O T A T I O N  ( O E G )  
Z - A X I S  VERNIER G I M B A L  R O T A T I O N  ( D F G )  
THE VECTOR ( U ( l ) r U ( 2 ) r U ( 3 ) )  I S  THE I N I T I A L  
ANGULAR V E L O C I T Y  OF THE TELESCOPE ( D E G / S E C )  
I N I T I A L  R A T E  OF GAMMAl  ( D E G / S E C )  
I N I T I A L  RATE OF GAMMA2 ( D E G I S E C )  
A THREE-DIMENSIONAL ARRAY WHICH D E S C R I B F S  
THE I N I T I A L  A T T I T U D E  O F  THF TELESCOPF R F L A T I V E  
TO THE D E S I R E D  ATTITUDE,  EXPRESSED I N  EULER 
ANCLFS ( D E C )  
A THREE-DJMFNSIONAL ARRAY WHICH D F S C P l B E S  THF 
TO I N E R T I A L  COORDINATES ( D E C )  
OUTER G I M B A L  ANGLE OF T H F  , I T H  GYROSCOPE O F  
THE CARRIER AT T I M E  TO ( D E C )  
I N N E R  G I M B A L  ANGLE OF THE I T H  GYROSCOPE OF 
THE CARRIER AT T I M E  TO ( D E G )  
CMC A T T I T U D E  ERROR G A I N  CONSTANT M A T R I X  
( ( R A D / S E C ) / R A D  ERROR) 
CMG A T T I T U D E  RATE G A I N  CONSTANT M A T R I X  
( ( R A D / S E C ~ / ( R A D / S E C I E R R O R )  
P O S I T I O N  VECTOR OF T H F  MASS CENTER OF THF 
CARRIER R F L A T I V E  TO THE CFNTER OF ROTATION 
O F  THE VERNIER G I M B A L S  ( F E F T )  
P O S I T I O N  VECTOR O F  THE MASS CENTER OF THF 
TELESCOPE R E L A T I V E  TO THE CENTER OF R O T A T I O N  
OF THF VERNIER G I M B A L S  ( F E E T )  
RESPECT I V E L Y  4 SLUGS 1 
CENTROIDAL MOMENTS OF I N E R T I A  OF THE C A R R I F R  
( S L U G / F T * * 2  1 
CEhTROiDAL PRODUCTS OF INERTIA O F  THE CARRIER 
SLUG/FT**2  1 
CENTROIDAL P R I N C I P A L  MOMENTS OF I N E R T I A  O F  
THE TELESCOPE ( S L U G / F T * + Z )  
A T T I T U D E  FRROR G A I N  A S S O C I A T E D  W I T H  CAMMAl  
(BT-LB/RAD ERROR 1 
A T T I T U D E  R A Y €  C A I N  ASSOCIATED W I T H  GAMMAl 
DESIRED ATTIT~JOE OF THE TFLESCOPE  WIT^ RFSPECT 
MASSES OF THE CARRIER AND TELESCOPE, 
. .  
a. 
I 
~ ~- ~ 























































c ,  
KGC 
KCD 
K C l r K G 2  
TWIRE1,  
TWIREZ 
T M A X l ,  
TMAXZ 
C R U D I S  
H 




I N D G  
ALPHLM 
B E T A L M  
DOTMAX 
DOTMIN 
K S L  
TO 





( F T - L B / ( R A D / S E C ) E R R O R )  
A T T l t l J O E  ERROR G A I N  A S S O C I A T E D  W I T H  GAMMA2 
( F T - t B / R A D  ERROR 1 
A T t 4 f l J D E  RATE G A I N  A S S O C I A T E D  W I T H  $AMMA2 
( F T - L B / ( R A D / S E C ) E R R O R )  
S P R I N G  CQNSTANTS C O R R E S P O N D f ~ C  TO GAMMA1 AND 
GAMMA2 R Q S P € C T I V E L Y  ( F f - L B I R A D )  
CONSTANT TORQUES EXERTTLO ON THE TELESCOPE BY 
WIRE BUNDLES CROSSING G I M B A L S  1 AND 2, 
R E S P E C T I V E L Y  
G I M B A L S  1 AND 2 
I N D I C A T E S  THE TYPE OF CREW DISTURBANCE 
A B S ( C R U D I S 1  D ISTURBANCE 
1 BOUNCE WALK 
2 WALL PUSH OFF 
3 ARM MOTION - CSM 
4 ARM MOTION - L M  
MAXIMUM VERN.IER GIMBAL MOTOR TORQUE FOR, 
C R U D I S  IS P O S I T I V E  FOR DISTURBANCES ABOUT THE 
2 A X I S  AND N E G A T I V E  FOR DISTURBANCES ABOUT THE 
X - Y  AXES 
MAGNITUDE OF THE MOMENTUM OF EACH GYROSCOPE 
(FT-LB-SEC)  
THE MAXIMUM VALUE OF THE AERODYNAMIC TORQUE 
I N  TERMS OF THE MAXIMUM VALUE OF THE G R A V I T Y  
G R A D I E N T  TORQUE 
O R B I T A L  L O C A T I O N  OF D I U R N A L  BULGE (DEGREES)  
DETERMINES THE MAGNITUDE OF THE D I U R N A L  BULGE 
V A R I A B L E  BETWEEN 0 0  AND 10 WHICH S P E C I F I E S  
O R B I T A L  HEIGHT ( N o  M I L E S )  
I F  I N D C e 1 ,  THE OUTER AND INNER G I M B A L  ANGLES 
G I V E N  BOUNDS. I F  INDG=O, NO BOUNDS ARE GIVEN,  
OF THE CARRIER ARE REQUIRED TO R E M A I N  W I T H I N  , 
AND THE PART OF THE PROGRAM WHICH T E S T S  THE 
VALUES OF THESE ANGLES IS S K I P P E D  
BOUND FOR THE OUTER G I M B A L  ANGLES. 
A B S ( A L P H A ( 1 ) )  MUST R E M A I N  .LE. ALPHLM ( D E G )  
BOUND FOR THE I N N E R  G I M B A L  ANGLES, 
A B S ( B E T A ( 1 ) )  MUST R E M A I N  .LE. B E T A L M  ( D E G )  
BOUND FOR THE RATE OF CHANGE I N  THE G I M B A L  
THE RATE IS SET EQUAL TO DOTMAX OR bDOTMAX9 
DEPENDING UPON I T S  S I G N  ( D E G / S E C )  
BOUND FOR THE RATE OF CHANGE I N  THE G I M B A L  
ANGLES. A B S ( R A T E )  MUST BE O L E O  DOTMAX. I F  NOT, 
ANGLES. A B S f R A T E )  MUST BE .CEO DOTMIN. I F  NOT, 
THE R A T E  I S  SET EQUAL TO 00 ( D E G I S E C )  
SPEED G A I N  CONSTANT 
B E G I N N I N G  T I M E  ( S E C )  
NUMBER OF O R B I T S  FOR WHICH THE SYSTEM OF 
D I F F E R E N T I A L  EQUATIONS WTLL BE SOLVED 
T I M E  INCREMENT A T  WHICH OUTPUT I S  D E S I R E D  ( S E C )  
'MAXIMUM STEP S I Z E  TO B E  USED I N  I N T E G R A T I N G  
THE D I F F E R E N T I A L  EQUATIONS ( S E C )  
AN ARRAY OF VALUES EACH OF WHICH REPRESENTS 
A CONVERGENCE C R I T E R I O N  FOR ONE OF THE 
























































D I F F E R E N T f A L  EQUATIONS 
GMBL A THREE D I M E N S I O N A L  ARRAY WHMk I N D I C A T E S  
WHICH OF THE CARRIER GYROSCOPES ARE OPERATIVE.  
C M B L ( I ) = O o  OR 1. I F  G M B L ( I ) P O O ~  THE G I M B A L  
* R A T E S i O F  THE I T H  GYROSCOPE ARE SET TO ZERO 
AND THE MACHfTUDE O F  THE MQMENTVM OF THE I T H  
GYROSCOPE I S  SET TO ZERO. 
I F  I C N T R . L = l r  THE LANGLEY CONTROL LAW I S  USED 
I F  I C N T R L z Z ,  THE H VECTOR CONTROL LAW I S  USED 
I F  I C N T R L r 3 ,  'THE CROSS PRODUCT CONTROL I S  USED 
I F  I C N T R L = 4 ,  THE CLOSED LOOP TORQUE CONTROL 
I S  USED 
I C N T R L  I N D I C A T E S  WHICH CONTROL LAW I S  TO BE USED. 
NOTEL I F  NOTELsO, THE TELESCOPE I S  G I M B A L  MOUNTED. 
OTHERWISE, I T  I S  R I G I D L Y  MOUNTED 
IBSNSR I F  IBSNSRsO, I N E R T I A L  SENSORS ARE USED. I F  
I B S N S R = l ,  BODY SENSORS ARE USED 
INDCON I F  INDCON=l ,  - M I D P T 2 -  B U I L D S  AN ARRAY - ICON-  
WHICH I N D I C A T E S  THE CONVERGENCE PATTERN OF 
EACH EQUATION. T H I S  ARRAY I S  P R I N T E D  OUT 
WHENEVER NON CONVERGENCE OCCURS. 
I C O N ( 2 ) = 1 0 1 0 0  I N D I C A T E S  THAT THE CONVERGENCE 
C R I T E R I O N  FOR THE SECOND EQUATION WAS NOT 
MET ON THE F I R S T  AND T H I R D  I T E R A T I O N S .  
( - M I D P T 2 -  MAKES A T  MOST 5 I T E R A T I O N S )  
WHICH B U I L D S  T H I S  ARRAY WILL BE S K I P P E D ,  AND 
THE CONVERGENCE OF THE EQUATIONS WILL BE 
TESTED ONLY U N T I L  ONE E Q U A T I O N  F A I L S .  
THEREFORE, I F  THE I N F O R M A T I O N  O B T A I N E D  FROM 
THE - ICON-  A R R A Y  I S  NOT NEEDED, SET INDCONzO 
TO SAVE TIME. 
I F  INDCON=O, THE PART OF THE PROGRAM 
I N P U T  I S  P R I N T E D  OUT. VALUES OF THE S O L U T I O N  OF THE 
SYSTEM ARE P R I N T E D  OUT EVERY DTPRNT SECONDS 
T I M E  CURRENT T I M E  ( S E C )  
GAMMA1 X - A X I S  VERNIER G I M B A L  R O T A T I O N  A T  T I M E  T I M E  
( A R C S E C )  
GAMMA2 Z - A X I S  VERNIER G I M B A L  R O T A T I O N  A T  T I M E  T I M E  
( A R C S E C I  
P H I ,  D E S C R I B E  THE A T T I T U D E  OF THE TELESCOPE A T  
THETA, T I M E  T I M E  R E L A T I V E  TO THE D E S I R E D  
P S I  A T T I T U D E  ( A R C S E C )  
U THE VECTOR ( U ( l ) * U ( 2 ) , U ( 3 ) )  D E S C R I B E S  THF 
ANGULAR V E L O C I T Y  O F  THE TELESCOPE A T  T I M E  
T I M E ( A R C S E C / S E C )  
DT CURRENT STEP S I Z E  
INDOT I N D I C A T E S  THE BEHAVIOR OF THE RATE OF CHANGE 
THAT THE RATE O F  CHANGE OF A L P H A ( l ) , B E T A ( 2 ) r  
B E T A ( 3 ) s  WAS L E S S  THAN DOTMIN, THAT OF A L P H A ( 3 )  
WAS MORE THAN DOTMAX, AND THAT OF A L P H A ( 2 )  AND 
B E T A ( 1 )  WAS W I T H I N  THE PRESCRIBED L I M I T S .  
OF THE G I M B A L  ANGLES. I N D O T = 1 0 2 0 1 1  I N D I C A T E S  
- * I . ..-. -.. 
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C 








































I N T E R P  
GAUSS 





COMPUTES THE S O L U T I O N  OF A SYSTEM OF 
SIMULTANEOUS F I R S T  ORDER D I F F E R E N T I A L  
E Q U A T I O N S  BY THE METHOD OF ROMBERG A P P L I E D  
TO THE M I D P O I N T  RULE 
A SUBROUTINE USED BY - M I D P T 2 - o  I T  
D E F I N E S  THE D I F F E R E N T I A L  E Q U A T I O N S  USED TO 
D E S C R I B E  THE I N I T I A L  VALUE CONTROL PROBLEM. 
A R O U T I N E  WHI’CH S U P P L I E S  VALUES OF THE 
FORCES EXERTED ON THE C A R R I E R  AND TELESCOPE 
VECTORS F l , F 2 , T l , T 2 o  F 1  AND F2 ARE THE 
R E S P E C T I V E L Y ,  DUE TO G R A V I T Y  GRADIENT,  
AERODYNAMIC AND CREW D I S T U R B A N C E  EFFECTS, 
T 1  AND T 2  ARE THE CORRESPONDING TORQUES. 
A ROUTINE USED B Y  TF TO D E S C R I B E  THE CREW 
DISTURBANCE EFFECTS 
A F U N C T I O N  SUBPROGRAM USED BY THE SUBROUTINE 
-CREW- FOR L I N E A R ’ I N T E R P O L A T I O N  
A R O U T I N E  USED BY THE F SUBROUTINE TO SOLVE 
A SYSTEM OF SIMULTANEOUS L I N E A R  EQUATIONS 
A R O U T I N E  USED BY -GAUSS- TO COMPUTE I N N E R  
PRODUCTS 
A PACKAGE O F  FUNCTION SUBPROGRAMS USED TO 
PERFORM ELEMENTARY VECTOR AND M A T R I X  
OPERATIONS FOR THREE-DIMENSIONAL VECTORS AND 
3 x 3  M A T R I C E S  
REAL M 1 , M 2 , M 1 C 1 , M 2 C 2 , I 1 ~ J l ~ K l ~ I 2 ~ J 2 , K 2 ~ K G l ~ K G 2 ~ K G A ~ K G B ~  
0 K G C , K G D , K S L , I J l , I K l , J K l  
INTEGER C R U D I S  
D I M E N S I O N  U ( 2 2 ) , A L P H A ( 3 ) , B E T A L 3 ) , E R B N D ( 2 2 )  , W U ( 2 2 ) , D X ( 2 2 ) ,  
0 TITLE(20),TEMPU(22),A(3),AD(3),CAD(3),SAD(3) 
C O M M O N / A L L / C 1 ~ C 2 ~ P ~ 3 ) ~ Q ~ 3 ~ ~ M l ~ M 2 ~ I l ~ J l ~ K l ~ I 2 ~ J 2 ~ K 2 ~  
0 GM0(3,3),GM1(3,3),H~IBSNSR,TD(3,3)~TMAXl~TMAX2q 
0 I N D ( 6 ) , N C A L L , K S L , D O T M A X , D O T M I N , I N D O T , A L P ~ C R U D I S ~  
0 O M E G A O , G M B L ( 3 ) , I C N T R L I H V ( 3 ) , K G l , K G 2 , K G A ~ K G B ~  
0 BET,GAM, 
0 KGC,KGD,MlCl,M2C2,NOTEL~TOO,EYE1(3~3) , T W I R E l , T W I R E 2  
0 
DATA T I T L E / 3 O H L A N G L E Y  CONTROL L A W  9 
0 3 0 H H  VECTOR CONTROL L A W  9 
0 30HCROSS PRODUCT CONTROL LAW 9 
0 30HCLOSED LOOP TORQUE CONTROL L A W /  
I Appendix 111 (contd.)  111-5 
C 
NAMELIST/INPUT/U,A,AD,ALPHA,BETA,GMO,~~~;P,Q,GMBL,ERBND. 
0 G A M M A l ~ G A M M A ~ ~ M 1 ~ M 2 ~ I l ~ J l ~ K l ~ I J l ~ I K ~ ~ J K 1 ~ ~ Z ~ J Z ~ K 2 ~ K G A ~  
0 K G B ~ K G C ~ K C D ~ K C 1 ~ ~ t 2 r H ~ T O ~ O ~ B I T S ~ D T P R N T ~ I ~ O C O N ~ A L P ~ O H r  
0 INDt rBETALM,ALPHLMrDOTMAX~DOTMIN,KSLr ICNTRL, IB~NSR,DTMAX,  
0 TWIRElrTWIRE2,NOTEL,CRUDIS~TMAXl~TMAXZ~BETrGAMA 
C 
C READ AND P R I N T  I N P U T  
C 
























W R I T E ( 6 r 5 0 )  
W R I T E ( 6 , I N P U T )  
D E F I N E  CONVERSION FACTORS USED W I T H I N  THE PROGRAM 
D G T O R D = 3 0 1 4 1 5 9 2 7 / 1 8 0 o  
R D T O D C = 1 8 0 0 / 3 0 1 4 1 5 9 2 7  
RDTOSC=RDTODG*3600o 
D E F I N E  CONSTANTS USED W I T H I N  THE PROGRAM 
C l = l . / ( l o + M l / M Z )  
C 2 = - 1 o / ( l o + M 2 / M l )  
M l C l = - M l * C l  
M2C2=-M2*C2 
E Y E 1 = A M D E F ( I 1 ~ T J 1 ~ T K l ~ I J l ~ J l ~ J K l ~ I K l ~ J K l ~ K l ~  
CONVERT THE O R B I T A L  H E I G H T  TO F E E T  
OH=OH*6076.1155+20925738. 
OMEGAO=SQRT(.l4076El?/OH)/OH 
D E T E R M I N E  THE E N D I N G  T I M E  
T E N D = 2 o * 3 o 1 4 1 5 9 2 7 / O M E G A O * O R B I T S + T O  
P R I N T  T I T L E S  
I R = ( I C N T R L - 1 ) * 5 + 1  
I S = I R + 4  
W R I T E ( 6 , l O )  ( T I T L E ( I ) , I = I R , I S )  
TO TRANSFORMS I N E R T I A L  I N T O  D E S I R E D  TELESCOPE COORDINATES 
, 
I 
Appendix I11 (contd ,  ) 111-6 
TD ( 3 1 1 =CAD( 3 1 *SAD ( 2 ) *CAD ( 1 1 +SAD t 3 )'*SAD ( 1 ) 
T D ( 1 , 2 ) = S A D ( 3 ) * C A D t 2 )  
TD(2,2)=SAD(3)+SAD(2)*SAD(l)+CAD(3).*CAD(l) 
TD(3,2)=SAD(3)*SAD(2)*CAD(l)-CAD(3)*SAD(l) 
T D ( 1 , 3 ) = - S A D ( 2 )  
T D ( 2 , 3 ) = C A D ( 2 ) + S A D ( l )  
T D ( 3 , 3 ) = C A D ( Z ) * C A D ( l )  
C 
C P R I N T  I N I T I A L  CONDIT IONS 
C 
C 
C CONVERT INPUT TO R A D I A N S  
C 







DO 2 I = l r l 6  
2 U ( I ) = U ( I ) + D G T O R D  
C 
C DETERMINE THE NUMBER OF D I F F E R E N T I A L  EQUATIONS TO BE SOLVED 
C 
N D I F E Q = 1 6  
I F  ( ICNTRL o E Q o 2  ) N D I  FEQ=19 
.IF(IBSNSRoEQol)NDIFEQ=NDIFEQ+3 
C 
C I F  I C N T R L z 2 ,  THE H VECTOR CONTROL LAW IS USED AND I N I T I A L  VALUES 
C ARE NEEDED FOR THE COMPONENTS OF THE COMMANDED ANGULAR 
C MOMENTUM OF THE V E H I C L E  
C 
I F ( I C N T R L o N E o 2 ) G O  TO 3 
CALL  F ( T O  ,U DX ,ND I FEQ 1 










5 T I  ME=TO+DT 
I T K C N T - 0  
C 
c IF TUE TIME 1s GREATER THAK THE i-lEXT PRTFJTINC TIME.  SET I T  
C EQUAL TO THAT P R I N T I N G  T I M E  
C 
INDP=O 
T I  ME=PTIME 
I N D P = l  
I F ( T 1 M E o L T o P T I M E ) G O  TO 6 




























1 5  
C A L L  -MIDPT2-  TO SOLVE THE SYSTEM OF DIFFERENYIAL EQUATIONS 
CALL M I D P t 2  (NDIFEQ,TO,T I M E  dhERBNO9*INDCON ,TfMCU, I TK 1 
I F  NECESSARY, ADJUST THE STEP S I Z E  'DT '  
GO TO ( 8 9 1 1 9 9 9 9 9 7 )  r I T K  
DT=DT/ZoO 
IF( ITKCNT.EQ.1O)CALL E X I T  
I T K C N T = I T K C N T + l  
GO TO 5 
KN2=KN2+1 
I F ( K N Z o L T . 5 ) G O  TO 11 
DT=AMINl (DTMAX,2o+DT)  
KN2=0 
GO TO 11 
D T = D T / 2  
DO 1 2  I = l , N D I F E Q  
U ( I ) = T E M P U ( I )  
I F  INDG=O, THE G I M B A L  ANGLES NEED NOT BE TESTED 
DO 14 I = 1 , 3  
IF(ABS(UTEMP)oLToALPHLM)GO TO 14 
IF(UTEMP.GEoALPHLM)GO TO 1 3  
U T E M P = U ( I + l O )  
U ( I + l O ) = - A L P H L M  
I N D (  I )=-1 
GO TO 14 
U ( I + l O ) = A L P H L M  
I N D ( I ) = l  
CONTI NU€ 
DO 16 1 ~ 4 9 6  
IF(ABS(UTEMP)oLToBETALM)GO TO 16 
IF(UTEMPoGEo6ETALM)GO TO 1 5  
UTEMP=U( 1 + 1 0 )  
U ( I + l O I = - B E T A L M  
I N D (  1 ) s - l  
GO TO 16 
U (  I + l O ) = B E T A L M  





I )  
! 
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CALL F (  TIMEIUIDX+NDIFEG) 1 0 
N C A L L = l  
C 
DO 17 1 ~ 1 9 6  
I F ~ F L O A T ~ ~ N D ~ I ~ ~ * D X ~ I ~ l O ~ o L E o O o ~ I N D ~ I ~ ~ ~  
17 CONT I NU€ 
C 
C IF I N D P = l ,  I T  IS T I M E  TO P R I N T  
C 
1 8  I F ( 1 N D P o E Q o O ) C O  TO 4 
C 
C CONVERT OUTPUT TO ARCSECONDS 
C 
DO 19 I=1,16 
19 W U ( I ) = U ( I ) * R D T O S C  
C 
W R I T E ( ~ I ~ ~ ) T I M E ~ W U ( ~ ) , W U ( ~ O I , W U ~ ~ ) ~ W U ( ~ ) ~ W U ~ ~ ) ~ ( W U ~ I ) ~  
0 1=1,3) ,DTsINDOT 
C 
C 
C DETERMINE THE NEXT P R I N T  TIME 
C 
I F ( T 1 M E o G T o T E N D ) G O  TO 2 1  
KT IME=KT. IME+l  
GO TO 4 
PTIME=FLOAT(KTIME)+DTPRNT+TOO 
C 
10 F O R M A T ( ~ H O , ~ A ~ / ~ H O , ~ X , ~ H T I M E I S X I ~ H C A M M A ~ , ~ X I ~ H G A M M A ~ ,  
0 6X,3HPHI,5X,5HTHETA,7X,3HPSI~7X,2HUl~8X~2HU2~8X, 
0 ~ H U ~ , ~ X , ~ H D T , ~ X P ~ H I N D O T / ~ H  ,3X,'(SEC)'rlX,5(2X,'(ARCSEC)' 
0 ) , 3 ( 1 X , ' ( A R C S / S C ) * ) )  
0 6HALPHA3,5X,SHBETAl ,SX,5HBETA2,5X,5HBETA3,5X,2HDT,6X,  
0 S H I N D O T / l H  , ~ X , ~ H ( S E C ) , ~ ( ~ X , ~ H ( D E G ) ) S ~ X ~ ~ H ( S E C ) )  
20 F O H M A T ( ~ H ~ , ~ A ~ / ~ H ~ , ~ X , ~ H T I M E ' , ~ X , ~ H A L P H A ~ , ~ X , ~ H A L P H A ~ I ~ X ,  
C 
C 
30 FORMAT(1H , F 9 0 2 , 1 X , 9 ( 1 P E 9 0 2 , 1 X ) , 1 6 )  
40 FORMAT( 1H ,F902,1X~7(1PE902,1X),I6) 
8 












C C A L L  
C 
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APPENDIX IV 
SUBROUTINE F 
CoF. B A N I C K  
7-18-67 
SUPPLY THE D I F F E R E N T I A L  EQUATION S O L V I M G  SUBROUTINE 
-MIDPT2-  W I T H  NUMERICAL VALUES OF THE D E R I V A T I V E S  USED 
TO D E F I N E  THE I N I T I A L  VALUE PROBLEM 
C A L L  FIX,U,DU,NDIFEQ1 
CALL LIST... 
X VALUE OF T I M E  FOR WHICH THE D E R I V A T I V E S  ARE TO 
B E  COMPUTED 
SEE THE M A I N  PROGRAM -GMT- FOR D E F I N I T I O N  OF 
T H I S  ARRAY 
U ARRAY OF VALUES OF THE F U N C T I O N S  A T  T I M E  X. 
NO I FEQ NUMBER OF D I F F E R E N T I A L  EQUATIONS TO BE SOLVED. 
N D I F E Q  IS DETERMINED I N  PROGRAM -CMT-. 
COMMON. 0 0 
SEE M A I N  PROGRAM -GMT- FOR D E S C R I P T I O N  AND/OR O R I G I N  OF 
COMMON V A R I A B L E S  






















ARRAY O F  VALUES OF D E R I V A T I V E S  OF, THE FUNCTIONS 
AT T I M E  X. THE ORDER O F  THE ELEMENTS OF T H I S  
ARRAY CORRESPONDS TO THAT OF THE U A R R A Y .  
I N D I C A T E S  THE REHAVIOR O F  THE RATE OF CHANCE 
OF THE G I M B A L  ANGLES. FOR COMPLETE D E S C R I P T I O N  
SEE PROGRAM -GMT-. 
VECTOR. NEEDED FOR I N I T I A L  VALUES I F  THE 
H VECTOR CONTROL LAW I S  USED. 
COMMANDED ANGULAR MOMENTUM OF THE V E H I C L E  
A R O U T I N E  WHICH S U P P L I E S  VALUES OF THE 
VECTORS F l w F 2 , T l , T 2 0  F1  AND F 2  ARE THE 
FORCES EXERTED ON THE C A R R I E R  AND TELESCOPE 
AERODYNAMIC AND CREW DISTURBANCE FFFECTS. 
RESPECTIVELY, DUE TO GRAVITY GRADIENT, 
A R O U T I N E  USED TO SOLVE A SYSTEM OF 
SIMULTANEOUS L I N E A R  E Q U A T I O N S  
A R O U T I N E  USED BY -GAUSS- TO COMPUTE I N N E R  
PRODUCTS 
A PACKAGE OF F U N C T I O N  SUBPROGRAMS USED TO 
PERFORM ELEMENTARY VECTOR AND M A T R I X  
OPERATIONS FOR THREE-DIMENSIONAL VECTORS AND 
3x3 MATRICES. 
SUBROUTINE F ( X ~ U , D U I N D I F E Q )  
































I C  
C C A M l = C O S ( U ( 9 ) )  
CGAM2=COS(U(101)  
S G A M l = S I N ( U ( 9 ) )  
SCAM2=SIN(U(  10) 1 
T M I  o m .  TRANSFORMS TELESCOPE COORDINATES I N T O  SPACECRAFT 
COORDINATES 
TM 0 . 0  TRANSFORMS SPACECRAFT COORDINATES I N T O  TELESCOPE 
COORDINATES 
TM=AMTRtTMI)  
'OM62 o o o  ANGULAR V E L O C I T Y  OF TELESCOPE 
O M 6 1  : e o  ANGULAR ?/ELOCI?Y OF CARRIER 
O M B l = V D E F ( U ( l )  , U ( 2 ) , U ( 3 ) - U ( 5 ) )  
O M B l = A M T V ( T M I s O M B l I  
O M B l ( l ) = O M B l ( l ) - U ( 4 )  
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Appendix IV (contd. ) IV-3 
O M B l M = A M E Q P L f t M I l  
OM6 1 M  ( 1 9 4  I r-1 
O M B l M (  195 IfVEQMN ( T M I  ( 193) 1 
D O M B l  0.0 ANGULAR ACCELERATION OF THE CARRIER 
V C l  0.0 P A R T I A L  RATES OF CHANGE OF THE V E L O C I T Y  OF THE MASS 
CENTER OF THE C A R R I E R  
V C 2  ... P A R T I A L  R A T E S  OF CHANGE OF THE V E L O C I T Y  OF THE MASS 
CENTER OF THE TELESCOPE 
A C 1  e. .  ACCELERATION OF THE MASS CENTER OF THE C A R R I E R  
A C 1 ~ 1 , I ) = V C R O S S ( D O M B l ( l r I ) r P )  
CONT I NUE 
TEMPV=VCROSS(OMBl,P) 
TEMPV-VCROSS(OMB1 r TEMPV) 
TEMPVV=VCROSS( OMB2 ,Q) 
TEMPVV=VCROSS( OMB2 ,TEMPVV 1 
TEMPVV=AMTV(TMI,TEMPVV) 
TEMPV=VSUB( TEMPV,TEMPVV) 



















2 5  
A C 2 ( 1 , 4 ) = A M T ~ ( T M , A C l ~ l , ~ ~ ~  
F l S T A R  AND FZSTAR 0 .0  NOW I N E R T I A  FORCES FOR THE R E S P E C T I V E  
B O D I E S  .J 
T l S T A R  AND T2STAR 0 . 0  NOW I N E R T I A  TORQUES FOR'THE R E S P E C T I V E  
B O D I E S  a 
r e 
0 DO 2 1=1,6 1 
F l S f A R ~ l ~ I ) + V S C A L R ( A C l ~ l ~ I ~ ~ M l C l )  
F 2 S T A R ( l r I ) ~ V S C A L R ~ A C Z ~ l w I ~ ~ M ~ C 2 )  
COMPUTE FORCES AND TORQUES DUE TO CREW MOTION, C R A V I T A T I O N A C ~  AN0 
AERODYNAMIC E F F E C T S  
EtA=OMECAO*X 
S E T A = S I N ( E T A )  
CETA-COS( E T A  
T E T A ~ A M D E ~ ~ ~ C E T A ~ S E T A ~ O ~ ~ ~ S E T A ~ C E T A ~ O O ~ O ~ ~ O ~ ~ ~ ~ ~  
T E T A ~ A M T M ( T D , T E T A )  
DO 2 5  1-193 
S A t I ) * S I N ( U ( 1 + 5 ) )  
C A ( I ) - C O S ( U ( I + S ) )  
T D A ( 1 , 1 ) ~ A M D E F 1 ( C A ( 3 ) + C A o , C A ( Z ) ~ C A ( 3 ) + S A ( 2 ) * S A ( l ) ~ S A ~ 3 ) * C A ( l )  
, C A ( ~ ) * S A ( ~ ) + C A ( ~ ) + S A ( ~ ~ * S A ( ~ ) W S A ( ~ ) *  
C A ( ~ ) , S A ( ~ ) + S A ( ~ ) + S A ( ~ ) + C A O + C A ( ~ ) * C A ( ~ ) S  
S A ( 3 ) + S A ( 2 ) + C A f l ) ~ C A ( 3 ) ~ S A O ,  
CA(2)+SA(l),CA(2)*CA(l)) 
T E T A ( l ~ l ) ~ A M T M ( T D A ~ T E t A )  
T E T A  IS NOW A TRANSFORMATION FROM LOCAL V E R T I C A L  TO ACTUAL 
TELESCOPE COORDINATES 
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C 
S T A R T  COMPUTATION o* CMG CONTROL TORQUE,TC ( T O  STATEMENT 18) 
DO 3 ? = l e 3  
S A L P H A ( I ) = S I N ( U ( I + l O ) )  
C A L P H A ( I ) = C O S ( U ( I + l O ) )  
S B E T A ( I ) = S I N ( U ( I + 1 3 ) )  
C B E T A ( I ) = C O S ( U ( I + 1 3 ) )  
CONTINUE 
I F ( I B S N S R . E Q . 1 ) G O  TO 4 
A M A D ( l ) = U ( 6 ) - U ( 9 )  
A M A D ( 2 ) = U ( 7 )  
A M A D ( 3 1 = U ( 8 ) - U ( l O )  
GO TO 5 
I F  I B S N S R = l ,  A T T I T U D E  I S  O B T A I N E D  BY I N T E G R A T I N G  A T T I T U D E  RATE 
K B S z N D I F E Q - 2  
AMAD=VEQPL ( U  ( K6,S 1 1 
D U ( K B S ) = V E Q P L ( O M B l )  




COMPUTE TOTAL ANGULAR MOMENTUM 
. - __  . . . ".- 



























1 5  
THE D E F I N I T I O N  O F  VECTOR V DEPENDS ON WHICH CONTROL LAW IS USED 
GO TO ( 7 ~ 6 , 7 , 8 ) s f C N T R L  
V (  I )=U(  1 + 1 6 ) - H V ( ' I  1 
D U ( 1 + 1 6 ) = E ( I )  
GO TO 8 
V (  I ) = E (  I )  
AM(I,I)=-KSL*SALPHA(I)/CBETA(I) 
B M ( I , I ) = G K S L * F F ( I , I )  . 
B M ( J , I ) = G K S L * C B E T A ( J )  
BM(K,I)=CKSL*SBETA(K)*S~LPHA(K) 
A M ( K , I ) = - K S L * C A L P ~ ~ A ( K ) / C B E T A ( K )  
CONTINUE 
I F ( I C N T R L o N E o 4 ) G O  TO 12 
COMPUTE V FOR CLOSED LOOP CONTROL 
COMPUTE D E R I V A T I V E S  OF ALPHA AND BETA 
DALPHA ( 1 1 =AMTV ( AM ,V 1 
D B E T A ( l ) = A M T V ( B M , V )  
I F ( I C N T R L o N E o 1 ) G O  TO 1 4  
S P F C I A L  COMPUTATION OF DALPHA AND DBETA FOR LANGLEY CONTROL LAW 
DO 13  1 ~ 1 9 3  
K = I + l - 3 * ( 1 / 3 )  
DALPHA(I)=DALPHA(I)*CBETA(I) 
DBETA(I)=GKSL*CBETA(I)*V(K) 
ADJUST DALPHA AND DBETA T O  ACCOUNT FOR L I M I T I N G  AND DEADBAND 
I N D O T  IS P R I N T E D  TO I N D I C A T E  G I M B A L  ANGLE R A T E  BEHAVIOR 
I N D O T = l  
DO 17 I=1,6 
I J = I - 3 * ( 1 / 4 )  
I N D O T =  I N D O T * l O  - -  lriiNDiiisNCAii.EQ0Bj~~ T O  15 
DX ( I  It00 
IF(ABS(DX(I))OLE~DOTMAX)GO TO 16 
GO TO 17 
DX(I)=SIGN(DOTMAX,DX(I)) 
INDOT=INDOT+2 
GO TO 17 
















8 1  
1 9  
C 










IF(ABS(DX(1))oCEoDOTMIN)GO TO 17 
DX( I ) = 0 o  
I N D O T = I N O O T + l  
D X ( I ) = D X ( I ) + G M B L (  I J )  
I N D O T = I N D O T - 1 0 0 0 0 0 0  







COMPUTE THE A C T I V E  TORQUE ACTING ON BODY 1 
GENERATE THE C O E F F I C I E N T  MATRIX,  S, TO REPRESENT THE D Y N A M I C A L  
E Q U A T I O N S  AS A SIMULTANEOUS SYSTEM OF L I N E A R  A L G E B R A I C  EQUATIONS 
S*DU= SI 6 
I F  NOTELeNEoO, D U ( 4 ) = D U ( 5 ) = 0  AND ONLY THREE DYNAMICAL EQUATIONS 
R E M A I N  
C A L L  GAUSS(S,I,S,S16,DU,DET,ERR) ' 
Appendix I V  ( c o n t d . )  IV- 8 
C 
C 









K I N E M A T I C A L  EQUATIONS R E L A T I N G  U ( l ) , U ( Z ) r U ( 3 )  TO THE EULER ANGLES 
S P H I = S I N ( U ( 6 ) )  
C P H I = C O S ( U ( 6 )  1 
T T H E T A = T A N ( U ( 7 )  1 
C T H E T A = C O S ( U ( 7 ) )  
AMTRX=AMDEFl(l.~0.~0.~SPHI*TTHETA,CPHI~SPHI/CTHETA, 
CPHI*TTHETA,-SPHI,CPHI/CTHETA) 
DU ( 6  )=AMTV(  AMTRX ,U) 
D E R I V A T I V E S  OF THE V E R N I E R  GIMBAL ANGLES 
D U ( 9 ) = U ( 4 )  
D U ( l O ) = U ( S )  
D E R I V A T I V E S  OF THE CMG GIMBAL ANGLES 
D U ( 1 1 ) = V E Q P L ( D A L P H A )  





SUBROUTINE TF I 
C AUTHOR C o F o  B A N I C K  
c 
C DATE 7-26-67 
C 
C PURPOSE SUPPLY VALUES OF FORCES A N D * f O R Q U E S  D U E , T O  G R A V I T Y  
C GRADIENT, AERODYNAMIC, AND CREW DISTURBANCE EFFECTS 
C 
C C A L L  C A L L  T F ( T I M E ~ N 2 ~ M , T M I , T M ~ F ~ ~ F 2 ~ T l , T 2 )  
c 
C TNPUT C A L L  L I S T 0 0 0  
C T I M F  VALUE OF T I M E  FOR WHICH THE FORCES AND 
c TORQUES ARE TO BE COMPUTED 
c N2 LOCAL V E R T I C A L  VECTOR 
C M U N I T  VECTOR P A R A L L E L  TO SPACECRAFT V E L O C I T Y  
C TM I M A T R I X  USED TO TRANSFORM TELESCOPE COORDINATES 
C I N T O  SPACECRAFT COORDINATES 
c TM M A T R I X  lJSED TO TRANSFORM SPACECRAFT 
c COORDINATES I N T O  TELESCOPE COORDINATES 
c COMMONo 0 
c SEF M A I N  PROGRAM -GMT- AND C A L L I N G  PROGRAM -FGPT- FOR 
c O F S C R I P T I O N  AND/OR O Q T G I N  OF COMMON V A P I A R L F S  
c 
c F 1  9F2  FORCES EXFRTED ON THE CARRIER AND TFLFSCnPF,  
c R E S P E C T I V E L Y  
C T 1 9 T 2  TORQUES EXERTED ON THE CARRIER AND TELESCOPE 
C R E S P E C T I V E L Y  
C 
C SUBROUTINES CREW A ROUTINE USED TO D E S C R I B F  THE CREW 
c USED DISTURBANCE EFFECTS 
C 
c VFCTOR A PACKAGE O F  FUNCTION SUBPROGRAMS [JSFD TO 
c PERFORM ELEMENTARY VECTOR AND M A T R I X  OPFRATIONS 




OlITPIJT C A L L  L I S T o o o  
SUBROtJTTNF T F ( T I Y F , N 2 , M , T M I , T M , F l , F 2 , T 2 )  
R E A L  N 1 , N 2 , I X ~ I Y , M ~ M l r M 2 ~ I l ~ J l ~ K l ~ I 2 ~ J Z ~ K 2 , M 1 C l ~ M Z C 2 ~ K S L  
D I M E N S I O N  T M I ( 3 , 3 ) , F 1 ( 3 ) r F Z ( 3 ) , T 1 ( 3 ) r T 2 ( 3 ) 9 T 2 ( 3 )  9 N 1 ( 3 ) 9  
INTEGER C R U D I S  
0 N2(3),R1(3),R2(3)~SFl(3)~SFZ(~),TGl(3)~T~Z(3), 
0 Q1(3),M(3),TA1(3),FDl(3)9TDl(3), 
0 C I l M ( 3 ) , T M ( 3 9 3 )  
c 
c 
C O P ~ O N / A L L / C l ~ C 2 , P ~ 3 ) , Q ( 3 ~ ~ M l ~ ~ 2 , I l ~ J l ~ K l , I ~ , J 2 ~ K 2 ~  
G Y O (  7 9 3 )  9 C M 1 1 3 9 3 )  , H ,  IBSNSR,TDI  3 9 3 )  t T M A X l 9 T M A X 2 9  
~ h i n ) ,  1 L I P A I  I Y C I  n n T u ~ v  n n T U ? k i  ~ h i n n ~  A )  n r n t l n ~ e  
0 
0 I i v t /  I D I 9 IY L FILL 9 naL 9 I/U I I - I ~ A  9 vu I I-' I 11 9 I i v v w  1 9 MLI- 9 L nuv I 3 9 
0 O M E G A O , G M R L ( 3 ) , I C N T R L , H V ( 3 ) , K G l , K C A , K G B ,  
0 B E T  ,GAM 9 
0 K G C , K G D ~ M 1 C l , M 2 C Z , N O T E L , T O ~ E Y E l ~ 3 ~ 3 ) ~ T W I R E l ~ T W I R E Z  
C 




. - _ _  












S=-3  o*VDOT ( N 1  r R  1') 
S F l = V S C A L R ( N l , S )  
S F l = V A D D ( R l , S F l  I 
SFl=VSfALR(SFl,~SQOMEG*Ml) 





COMPUTATION OF CRFW DISTURRANCF EFFECTS 
T T I M E z T I M F - T O  
CALL CREW(TTIME,CRUDIS,FDl~TDl) 
F l ' = V A D D ( S F l , F D l )  
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